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Applications of CFD and Visualization Techniques 

James H. Saunders, Susan T. Brown, and Jeffrey J. Crisafulli 

Battelle 

Columbus, Ohio 


Leslie A. Southern 
Ohio Supercomputer Center 
Columbus, Ohio 


Introduction 

Computational fluid dynamics (CFD) and data animation are powerful tools 
for understanding and solving complex engineering problems. The large data sets 
generated by time-dependent simulations can be dramatically illustrated with computer 
animation, often readily revealing the physics of the flow field. 

In this paper, three applications are presented to illustrate current 
techniques for flow calculation and visualization. The first two applications use a 
commercial CFD code, FLUENT, performed on a Cray Y-MP. The results are animated 
with the aid of data visualization software, apE. The third application simulates a 
particulate deposition pattern using techniques inspired by developments in nonlinear 
dynamical systems. These computations were performed on personal computers. 

Details of the simulations are presented elsewhere [refs. 1, 2, 3]. In this 
paper, we focus on visualization of the data. 

Air Flow Within Air Conditioned Rooms 

In the first application, we simulated the three-dimensional air flow in two 
air conditioned rooms connected by a doorway, with the goal of understanding the 
effects of blower fan on-time and return air vent placement on comfort level and air 
exchange within the room. Although real house flows are usually more complex, this 
simplified case represents the essential physics, and thus can be used to investigate 
basic flow patterns. 

Figure 1 shows the rooms, which were 3.0 by 2.4 by 4.3 m and 3.9 by 2.4 
by 4.3 m with a single 0.9 by 2.3 m door and insulated outside walls. The outdoor 
temperature was 90 F to simulate a hot summer day. The ceiling and floor were held 
at temperatures of 90 F and 73 F, respectively. 260 cfm of cool air at 55 F entered 
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the room through three inlet vents on the floor and exits through an outlet vent. The 
outlet vent could be located either on the floor or high on a wall. We considered two 
modes of fan operation: (1) running the fan only when the air conditioning was on, and 
(2) running the fan continuously. The air conditioner cycle of 15 minutes had an on- 
time of 6 minutes and an off-time of 9 minutes. 



Figure 1 . Animation of two air conditioned rooms 


The room was modeled with 6061 nodes, using FLUENT, which solves the 
time dependent mass, momentum, and energy equations using a finite volume method. 
The temperature and velocity fields were then processed by apE to visualize the results. 
Three-dimensional objects and scenes were rendered by apE, using a scanline Z buffer 
approach to obtain photorealistic images that appropriately handled lighting, trans- 
parency and shading [ref. 4]. Polygonal iso-valued surfaces were constructed from the 
FLUENT data using a marching cubes algorithm [ref. 5J. For each timestep, three tem- 
peratures (77 F, 75 F, and 73 F) were illustrated with red, yellow, and blue isosurfaces, 
respectively. 
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The primary purpose of the visualization effort was to help characterize the 
air exchange within the two rooms as a function of fan on-time and outlet vent Ra- 
tion. To visualize the air exchange process, a set of "glyphs was used to markt 
fluid. These massless particles, which track but do not interact with the flow, had two 
different shapes: pyramid shapes for existing room air and spherical shapes for the air 
entering through the vents as shown in Figure 2. For the glyphs to track the f 
accurately, they had to interact with the velocity data generated by FLUENT. A special 
facility was written to perform this function in apE. The glyphs were color coded t 
indicate the local air temperature. 



Figure 2. Visualization of the air exchange process: pyramid glyphs 
represent existing room air, spheres represent entering air 


With the outlet vent on the floor and the fan running either intermittently or 
continuously, the isotherms are very flat, indicating poor mixing within the rooms. The 
glyphs clearly showed that the air short-circuited from the inlet vents to the outlet; the 
primary air flow, which was cool and dense, remained close to the floor and exited 
through the outlet vent without appreciable mixing with the older air in the room. 
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Placing the outlet high on the wall solved the poor air-exchange problem. 
The glyphs showed that the air flowed through a larger portion of the room volume as 
it passed to the outlet vent. 

Indoor Flammable Plumes from CNG Leaks 

Buses are often stored and maintained in large transit facilities, which may 
hold a large number of buses. A concern with natural gas-fueled buses is that a leak 
could create a flammable atmosphere in the transit building. Knowledge of the size of 
the plume for representative leaks is very important for developing future ventilation 
standards. 


We analyzed the dispersion of leakage plumes inside a typical transit 
building that was 1 19 m by 108 m by 5.5 m high. During our simulation, the building 
was fully occupied with parked buses and all doors were shut. The ventilation system 
was on and operated at a rate of 5 air changes per hour. 

Two leak scenarios were investigated: 

1 . A rapid leak corresponding to a ruptured fuel 
manifold line connecting the CNG cylinders or the 
failure of a pressure relief device. 

2. Slow leaks from a poorly fitting fuel line connection. 

The leakage rate was up to 2.0 g/s. 

Because of symmetry, one-fourth of the room was modeled with FLUENT 
using a grid of 12,000 cells. The effect of using a coarse grid on a flow with a wide 
range of geometrical length scales was assessed with some preliminary calculations. 

We found that leaking gas that entered the region between buses was strongly driven 
toward the ceiling by buoyancy forces. The details of the flow under or within buses 
were not important in determining the- overall evolution of the plume. 

The flammable concentration was tracked in time using apE. Two iso-valued 
surfaces were constructed; one represented the minimum flammable concentration, 
and the other represented the maximum. Transparency property effects were used for 
the maximum isosurfces, so the flammable region was clearly depicted. The extent of 
the plume as a function of time was dramatically displayed with animation. Figure 3 
shows a gray scale rendition of the fast-leakage-rate plume. The region between the 
' dark and light surfaces of the plume represents the volume of the building with a 
flammable concentration of gas. 

Particulate Deposition in Flow Systems 

Particulate deposition and plugging in flow systems are important in a 
variety of industrial applications. We have simulated deposition in high-velocity gas 
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Figure 3. Rendition of fast-leakage rate indoor plume 


flows where the flow is normal to a porous plate or collecting surfaces. Under these 
conditions, the particles travel in essentially straight lines without lateral diffusio 
response to changes in the direction of the flow streamlines. Particles may collide w 
an^ surf ace they encounter. Because of the high velocity and high particle loadings, 

the deposit layer grows rapidly. 

We modeled this process by tracking individual particles moving on a two- 
dimensional lattice as they form the deposit layer. Rules based upon the m.crophys.es 
Of the gas-particle-surface interactions determine whether a particle sticks to a deposit 
site, misses it, or bounces off. The computer algorithm displays the result on a hig 
resolution monitor, so that the development of the deposit can be observed 
continuously. 


Our initial motivation for developing this technique came from studies on 
diffusion limited aggregation [ref. 6] and later from studies on ballistic deposition 
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Iref. 71. Near the end of our work we became aware of other work on similar 
deposition models [ref. 8] with extensions shown in [ref. 9). 

Figure 4 shows the results of simulating particles depositing on a porous 
plate. Particles, which are assigned one or more pixels on the graphics screen, are 
released at a random location above the deposit layer and are tracked as they move in 
a straight line toward the deposit. Deposited particles are shown as colored pixels on 
the screen. At each timestep, the algorithm examines pixels that are in and near the 
immediate path of the particle. If a collision with a deposited particle is imminent the 
sticking probability is computed for that set of circumstances. If the collision will be a 
frontal collision, the particle may either stick or bounce. If the collision involves the 
sides or corners of the deposit, then the particle may stick or pass by. 



Figure 4. Simulation of particles depositing on a porous plate 


Because of the continuously updated graphic display, the effects of rule 
changes can quickly be seen, allowing the researcher to evaluate the ramifications of 
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the assumptions and develop an understanding of the role of the microphysics on the 
formation of the resulting structure. 

Our work has shown that the resulting deposit structure is sensitive to the 
form of the rules (ref. 5]. However, rules can be estimated from the detailed micro- 
physics and future research should focus on extending this ability. For instance, in high 
speed flows, lateral dendritic growth may be strongly limited by shear-induced breakage 
of the dendrites. Rule selection should therefore be guided by careful comparisons of 
the predicted morphology of the deposit structure with detailed experimental 
measurements. 

Conclusions 

Visualization has been shown to be an important part of three engineering 
research problems using hardware ranging from supercomputers to personal computers. 
In the room ventilation example, the visualization revealed the impact of vent place- 
ment on air mixing in the two rooms. The visualization of the flammable gas plume in 
the transit building analysis gives the ventilation engineer a much clearer indication of 
potential weaknesses in the ventilation scheme than would be possible with traditional 
techniques. The graphical display of particle deposition gives the researcher a unique 
perspective on the growth of particle beds and allows detailed investigations of the 
particle microphysics in these processes. These visualization techniques have many 
applications that dramatically increase the usefulness of scientific data. 

References 

apE is a trademark of The Ohio State University 
FLUENT is a trademark of FLUENT, Inc. 

1. Murphy, M. J., S. T. Brown and D. B. Philips, "Extent of Indoor Flammable 
Plumes Resulting from CNG Bus Fuel System Leaks," to be presented at the SAE 
1992 Truck and Bus Meeting and Exposition, November 16-19, 1992. 

2. Brown, S. T.. J. J. Crisafulli, D. B. Philips, L. A. Southern and D. F. Knight, 
"Analysis of Vent Placement and Fan Operation for Air Conditioning in a 
Partitioned Room Using Advanced Visualization Techniques," submitted for 
presentation at ASHRAE Winter Meeting, Denver CO, 1993. 

3. Saunders, J. H., J. J. Crisafulli and G. H. Stickford, "Analysis of Particulate 
Depositions and Plugging in Flow Systems," ASME Fluids Engineering 
Conference. Los Angeles CA, June 21-24, 1992. 

4. Snyder, J. M. and A. H. Barr, "Ray Tracing Complex Models Containing Surface 
Tessellations," Proceedings of SIGGRAPH 1987, Computer Graphics, Vol. 21, 

No. 4, July 1987, pp. 119-128. 


7 


5. Lorensen, W. E. and H. E. Cline, "Marching Cubes: A High Resolution 3D Surface 
Construction Algorithm," Proceedings of S/GGRAPH 1987, Computer Graphics, 
Vol. 21, No. 4., July 1987, pp. 163-170. 

6. Witten, T. A. and L. M. Sander, "Diffusion-Limited Aggregation, a Kinetic Critical 
Phenomenon," Phys. Rev. Letters, Vol. 47, No. 19, 1981, pg. 1400-1403. 

7. Meakin, P., P. Ramanlal, L. M. Sander and R. C. Ball, "Ballistic Deposition on 
Surfaces," Physical Rev. A, Vol. 34, No. 6, 1986, pp. 5091-5103. 

8. Tassopoulos, M., J. A. O'Brien and D. E. Rosner, "Simulation of Microstructure/ 
Mechanisms," AlChE J., Vol. 35, No. 6, 1989, pp. 967-980. 

9. Tassopoulos, M. and D. E. Rosner, "Simulation of Vapor Diffusion in Anisotropic 
Particulate Deposits," Chem. Eng. Sci., Vol. 47, No. 2., 1992, pp. 421-443. 


8 


N 9 3 " 1 3 3 8 7 


THERMAL ISSUES AT THE SSC 


Raj P Ranganathan and Bui V Dao 


Accelerator Systems Division 
Superconducting Super Collider 
2550 Beckleymeade Avenue 
Dallas, TX 75237 


(Presented of the Fourth Annuol Thermal & Fluids Analysis Workshop, 
Cleveland, OH, August 17-21 1992. Sponsored by the Thermal & Flu- 
ids Analysis Branch, NASA Lewis Research Center. AJso published in 
the proceedings of the meeting.) 


1.0 ABSTRACT 

A variety of heat transfer problems arise in the design of the Su- 
perconducting Super Collider (SSC). One class of problems is to 
minimize heat leak from the ambient to the SSC rings, since the 
rings contain superconducting magnets maintained at a temper- 
ature of 4 K. Another arises from the need to dump the beam of 
protrons (traveling around the SSC rings) on to absorbers during 
an abort of the collider. Yet another category of problems is the 
cooling of equipment to dissipate the heat generated during op- 
eration. An overview of these problems and sample heat transfer 
results are given in this paper. 

2.0 INTRODUCTION 

Figure 1 gives a birds-eye-view of the Dallas/Fort Worth area 
and the SSC main underground tunnel. The 87 km circumfer- 
ence tunnel will contain two main rings of magnets and other 
components (1). 
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Figure 2 shows a cross-section of the main tunnel. Two counter- 
rotating beams of protons will travel inside the two main rings at 
nearly the speed of light. Collision of these beams under con- 
trolled conditions is expected to yield new sub-atomic particles 
that will unravel mysteries of the origins of the universe. 

The purpose of this paper is to give an overview of some of the 
heat transfer problems that arise in the design of the SSC and 
present sample heat transfer results. 

3.0 CLASSIFICATION OF HEAT TRANSFER PROBLEMS 

The heat transfer problems encountered at SSC can be classified 
(based upon their applications) into the following categories: 

3.1 Heat Leak 

Minimization of heat leak from the ambient to the components of 
the SSC main and High Energy Booster rings (that span a total 
route length of 185 km). The interior of these components is 
maintained at 4 K, since they contain superconducting magnets. 
Therefore, minimizing heat leak can lower refrigeration costs. 
References [2) through (6) are a small sample of the vast amount 
research reported on this subject. 

3.2 Beam Absorption 

Absorption of the beam of protons by depositing the beam on to 
absorbers may be necessary during commisioning of the SSC 
rings or during an abort of the rings [7]. Under accident condi- 
tions the beam could be deposited on to the superconducting 
magnets itself [8]. In addition, during beam deposition on to tar- 
get materials (for physics experiments), a similar heat transfer 
problem arises. 

3.3 Cooling of Equipment 

Different equipment generate heat during their operation. The 
heat must be carried away by an optimum cooling system that 
does not jeopardise the various operational specifications of the 
equipment. 
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4.0 HEAT LEAK INTO THE SPOOL PIECE 

4.1 Description 

Figure 3 shows one of the components of the SSC rings, the 
spool piece [1]. At the spool piece, cryogen (helium and nitrogen) 
lines enter and leave the rings. The spool piece also contains 
safety valves for the cryogen tubing and in addition performs 
numerous other functions. 

The spool piece is also characterized by a complex geometry with 
numerous heat flow paths between the ambient and the 4 K in- 
terior. Therefore, accurately predicting heat leak into the spool 
piece is a challenging task. 

At steady state, the flow of heat into the spool piece from the am- 
bient will be carried away by cryogen flowing at three tempera- 
ture levels, namely 80 K, 20 K and 4 K. The cryogen at 80 K is 
liquid nitrogen, at 20 K it is gaseous helium and at 4 K it is liq- 
uid helium. The maximum temperature rise in the 4 K cryogen 
line is fractions of a degree kelvin, while in the 20 and 80 K cryo- 
gen lines, it is about 8 K. 

4.2 Model Assumptions and Solution Details 

In order to estimate the heat leak from the spool piece, the fol- 
lowing simplifying assumptions were made: 

1) heat flow through conduction paths is steady and one-dimen- 
sional, 

2) residual gas conduction across the vacuum spaces is ac- 
counted for, 

3) thermal radiation across the vacuum spaces is taken into ac- 
count, 

4) thermo-physical properties are a function of temperature, 

5) natural convection of the cryogen in valves is neglected. 

Numerous other secondary assumptions were made for the con- 
venience of the analysis but are omitted here in the interests of 
brevity. 

The conduction calculations were made using integral tables, 
while the effects of thermal radiation was accounted for by 


means of simple calculations based on more detailed and accu- 
rate calculations [9]. The effect of residual gas conduction was 
based on empirical expressions [10). 

4.3 Results 

Table 1 summarizes the heat leak results for one of the many 
spool piece variants at SSC. Of greatest concern is the heat leak 
at the 4 K level since refrigeration costs are higher at lower tem- 
peratures. Table 1 shows that the total heat leak into the 4 K 
cryogen is nearly 9 W with the copper instrumentation leads ac- 
counting for more than 5 W. 

A detailed thermal resistance analysis (6,91, possibly using avail- 
able software in the market, may improve the accuracy of the 
heat leak estimates. Research has shown that natural convec- 
tion flows of the stagnant cryogen in the valves may contribute 
to heat leak II 1,12]. This assumption may have to be relaxed. 
Efforts are also underway to obtain measurements of the heat 
leak. More details of the calculations reported here can be ob- 
tained by contacting the principal author of this paper. 

5.0 BEAM ABSORBER 
5.1 Description 

Figure 4 shows a schematic of an iron absorber for the SSC lin- 
ear accelerator (LINAC). The beam of protons has an elliptic 
cross-section, with 2 him and 20 mm axes, and is incident on 
the front surface of the absorber. Within the absorber, the ener- 
gy of the protons is converted into internal energy of the absorb- 
er through a sequence of physics processes, the theory about 
which is available elsewhere [13]. 

The calculation of the energy deposition rates is accomplished 
by the most recent version of the MARS software [14]. As the 
beam penetrates the absorber, it assumes a cone shape and the 
energy deposition is correspondingly over a three-dimensional 
conical region within the absorber. The apex of the cone is at the 
point of incidence on the front surface of the absorber and the 
axis of the cone coincides with the axis of the beam. At the axis 
of the beam, the energy deposition rate is 4 orders of magnitude 
greater than at a radial distance of 1 cm. Thus high thermal 
stresses can be expected at the axis. 
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Thus, the problem here is to determine the duration of beam 
deposition that is permissible without exceeding the peak tem- 
perature and stress limit for a given absorber material. 

5.2 Model Assumptions and Solution Details 

The assumptions made to determine the peak temperature and 
stresses in the absorber were: 

1) heat conduction is transient and three-dimensional, 

2) heat generation rates are a function of t, x, y and z, 

3) thermo-physical properties are temperature dependent. 

The problem was solved using ANSYS and computer times of the 
order of 1 day were required on the HP-730 workstation for each 
calculation. 

5.3 Results 

Figure 5 shows the peak temperature and stresses versus time 
for an iron absorber core for two different beam deposition sce- 
narios. The scenarios were determined based on physics consid- 
erations [151. Peak temperature and von-mises stress limits of 
500 C and 200 MPa were specified, keeping in view the melting 
point of iron which is approximately 1500 C [16) and the yield 
point of iron under tension which is approximately 200 to 500 
MPa [17]. 

The operational scenario (solid lines on Figure 5), involves a 1 
GeV (giga electron volts) beam of protons impinging on the ab- 
sorber in a series of pulses. Each pulse has a 7 micro-second 
duration and the corresponding current over that duration is 25 
mA. The frequency of the pulses is 10 Hz. Further, the pulses ar- 
rive at the absorber in batches of 7, spanning 0.7 seconds. Each 
batch of 7 pulses is separated by a 6.3 second time interval from 
neighbouring batches. Thus, there are 7 pulses every 7 seconds. 

For the operational scenario, the beam can be deposited on the 
absorber for 16 hrs without exceeding the above limits. There- 
fore, for the given scenarios, an iron sbsorber should be suffi- 
cient. Details of this work will be published shortly. 
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6.0 LIQUID COOLED RF-CAVITY TUNER 

6.1 Description 

Figures 6a and 6b show typical low energy booster radio fre- 
quency (rf) cavity. The function of the cavity Is to accelerate the 
proton beam to higher energy levels [1J. 

Figure 7 shows a sectional view of an rf-cavity tuner. There are 4 
ferrite disks of 25 mm thickness each, separated by 5 mm spac- 
es. (Note, Figures 6a and 6b show 5 ferrites, while Figure 7 con- 
siders a configuration with 4 ferrites.) Coolant flows through the 
spaces between the ferrites to dissipate the heat generated in the 
ferrites, and in the walls of the tuner housing during the opera- 
tion of the rf-cavity. Note the location of the coolant inlets and 
exits on Figures 6a through 7. The coolant inlets are diametri- 
cally opposite the exits. 

The problem is to design an optimum cooling system that pre- 
vents high temperatures in the ferrites and the coolant. If the 
peak temperature in the ferrites approaches its curie tempera- 
ture (125 C) then its magnetic properties are affected. Similarly, 
the peak temperature in the coolant should not approach its 
boiling point. In the case of one of the coolants considered here, 
the Galden Heat Transfer Liquid, the boiling point was 1 10 C. 
Details of this work are available elsewhere [18]. 

6.2 Model Assumptions and Solution Details 

The following assumptions were made in the analysis [18]: 

1) the heat transfer in the coolant and the flow field Eire steady, 
incompressible, three-dimensional and turbulent, 

2) natural convection is included, 

3) heat conduction in the ferrites is three-dimensional, 

4) heat generation in the ferrites, coolant and copper is included, 

5) the thermo-physical properties of the coolant and ferrite are 
constant, 

6) geometric complexities neglected. 

Due to reflective symmetry, two symmetry planes were identified 
normal to the axial and azimuthal directions, each of which bi- 
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sected the tuner to two mirror-image halves [181. Thus the com- 
putational domain encompased only one-fourth of the tuner 
shown on Figures 6a and 6b. 

The problem was solved using the PHOENICS computational flu- 
id dynamics (CFD) package. About 25,000 cells were used and 
computer times of several days was needed on the HP-730 work- 
station [18]. No comparisons of calculations with measurements 
have been made. When such data become available in the fu- 
ture, comparisons will be made. No grid dependence studies 
were made due to the enormous computer resources involved. 

6.3 Results 

Figure 8 illustrates a typical flow field on the axial-direction 
symmetry plane. Clearly the coolant prefers the path of least re- 
sistance along the annular passage between the ferrites and the 
tuner housing. Reducing the annular gap can induce the coolant 
to flow into the interior where cooling is needed. 

The isotherms (also on the axial-direction plane of symmetry) of 
Figure 9 show a recirculation region. The peak ferrite tempera- 
tures were located there. 

The isobars (near the side wall of the housing) of Figure 10 show 
that the bulk of the pressure drop in the fluid occurs near the 
exits. 

In summary, the peak ferrite and coolant temperatures were 
sensitive to: coolant flow rate, coolant inlet temperature, inlet 
and exit areas, number of inlets and exits and die annular gap 
[18]. The calculations also indicated that natural convection ef- 
fects played an important role in lowering the local temperatures 
in the coolant and ferrite[18,19]. 

The sensitivity studies helped influence the design of the cooling 
system. 

7.0 SOLID COOLED RF-CAVITY TUNER 
7.1 Description 

A solid-cooled version of the rf-cavity described above was evalu- 
ated. Disks of Beryllium Oxide (BeO) or Aluminum Nitride 
(alnide) were placed in the coolant spaces between the ferrites 
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(Figure 7) as shown on Figure 1 1 120]. Five ferrite disks are used 
in this case (Figure 1 1) versus four in the earlier liquid cooled 
case. Good thermal contact between the BeO (or alnide) disks 
and the ferrite disks was facilitated by having a film of goop (a 
glue) between them. The glue also helped reduce thermal stress- 
es in the ferrites and BeO (or alnide). Details of this work can be 
found in Reference [20]. 

Due to the high thermal conductivity of the BeO (286 W/mC) or 
the alnide (170 W/mC) compared to that of the ferrite (5.5 W/ 
mC), the heat generated in the ferrites was transported to the 
housing walls by the BeO and alnide. At the housing walls the 
heat is removed by flowing a coolant such as water within tubes 
brazed on the outside of the housing. Thus, the BeO and alnide 
disks serve as paths of low thermal resistance that carry the 
heat away from the ferrites [20]. 

The problem involves heat conduction through complex geome- 
tries, with dissimilar solids bonded together. Therefore, the peak 
temperatures and stresses in the solids have to be determined. 

It is important that the peak temperatures in the ferrites not ap- 
proach its curie temperature (125 C) and the peak stresses in 
the ferrites, BeO and alnide yield a safety factor of at least 3 
compared with the strengths of the respective materials. Table 2 
shows the relevant strengths of the different materials. 

7.2 Model Assumptions and Solution Details 

The following assumptions were made: 

1) transient, three-dimensional heat conduction, 

2) heat generation rates vary with time and radius, 

3) properties are constant. 

The problem was solved using ANSYS and cpu times of several 
hrs were required on the HP-730 workstation for each case. 

7.3 Results 

Figures 12a and 12b show the computational domain from two 
different views. Notice the ferrites, BeO, copper housing walls 
and copper ribs outside the housing. The complexity of the ge- 
ometry is evident. 
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Table 2 shows steady state temperature and stress results ob- 
tained for a typical case. Use of BeO gave the lowest peak tem- 
perature and stresses for all the cases considered. Use of alnides 
came second while the non-use of either BeO or alnide had the 
highest peak temperatures and stresses. In summary, solid cool- 
ing the tuner using BeO was found to be feasible from a thermal 
and stress perspective. Details are available elsewhere [20]. 
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Table 1: ASST SPR spool piece heat load summary ! 





Floating Support 


Instrumentation Tuving (Lead End) 


Cool-Down Valve Tubing _____ 


4 K Relief Tubing & Cryogen Copy. 


Correction Element Power Lead ASSY 


20 K Relief Tubing & Cryogen Conv. 


Quench Line 


Recooler Valve 


Stainleae Steel Housing 
G-10 Houeing 
UHMW Plug-In Stem 


Recooler Valve Pressure Tubing 


Fixed Support 


Deflection Stops 


Instrumentation Tubing (Middle) 


Vacuum Harrier (With Cu Straps) 


Inatrumentation Tubing (Return End) 


Beam Tube Pump Port 


Radiation Between Shielda 
Residual Gas Conduction 


!|P||| Interconnect Regions 


99.99 % Cu Instrumentation Wires 


J1 (8 22-AWG; 7 28-AWG) 
J2 (12 14-AWG) 

JSPR (60 30- AW G) 

JRE1 (60 30-AWG) 


Manganin Instrumentation WireB 


J3 (40 32-AWG) 
JVAC (36 32-AWG) 


BPM Cables 



Safety Leads ^ __ 


1*1 I Opening Near Vacuum Barrier I 




i*i$| Dynamic Heat Load 1 

~TOTAt CALCULATED A88T HEAT LOAD g|g|tff 


. TOTAL BOPQETED CO|XlPER;W^Tj»AP 


Greg Cruse, John Nguyen, Raj Ranganathan, Andy Scheidemantle, Ken 
02/28/92 


Schiffman 
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Table 2: Thermal/stress results of solid cooled low energy 
booster rf-cavity tuner 



No. of Alnide Disks 

0 

2 

0 

No. of BeO Disks 

0 

0 

2 




Max T (° C) 


Max Tension (MPa) 


Tensile Strength (MPa) 


Safety Factor 



ALNIDE 



Max T (° C) 


Max Tension (MPa) 


Flexural Strength (MPa) 


Safety Factor 



FERRITE 


Max T (° C) 

85 

66 

62 

Curie T(°C) 

125 

125 

125 

Max Tension (MPa) 

26 

15 

14 

Tensile Strength (MPa) 

39 

39 

39 

Safety Factor 

1.5 

2.6 

2.8 

- = - 1 



GOOP 


Max T (° C) 


Max Operating T (° C) 


Max Shear (MPa) 


Lap Shear Strength (MPa) 


Safety Factor 


COPPER 




mi: 

Max Stress (MPa) 

25 

25 

24 

h 2 

Yield Strength (MPa) 

69 

69 

69 

3 

Safety Factor 

2.8 

2.8 

2.9 

























































































Figure 1: Topographic and geologic profile along ring circumference [1]. 


Utility 

cables 


Equipment 
& personnel 
transporter 


Tunnel i 


Figure 2: Cross section of the main 5SC tunnel 
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Peak Tcmpennne (O vs Time (mm) 




— 1 GeV, 25 mA, 7 mic-s pulse @ 10 Hz, 7 pulses / 7 s 
• - 1 GeV, 50 mA, 35 mic-s pulse @ 10 Hz, continuous 


Figure 5: Peak temperatures and stresses in the LINAC beam absorber 
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Figure 6b: Representative low energy booster rf-cavity 


j. 

Motional view 
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137.0 mm 



Figure 7: Sectional view of liquid-cooled low energy booster rf cavity tuner 



Figure 8: Velocity field on the axial direction symmetry plane 
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Figure 9: Coolant isotherms on the axial direction symmetry plane 



Figure 10: Isobars near the side wall of the housing 
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171 mm 



Figure 11: Sectional view of solid cooled low energy booster rf -cavity tuner 



Figure 12a: Computational domain for the solid cooled low energy booster rf-cavity tuner - view 1 





N93” 13388 


NUMERICAL STUDY ON MIXING OF SPRAYED LIQUID IN AN LNG STORAGE TANK 

Hiroyuki Uchida, Tatsuya Arai 
Makoto Sugihara and Mariko Nakayama 
Ishi kawaj ima-Harima Heavy Industries Co., Ltd. 

Yokohama, Oapan 


SUMMARY 

This paper presents a numerical method to simulate the mixing of heavier 
LNG sprayed on lighter layer. Numerical results for evolutions of flow field and 
density field are obtained in a rectangular computational domain which Includes 
the vicinity of the liquid surface. At the surface boundary, uniform 
distributions of the fluid velocity and the density are assumed. Detail 
structure of flow caused by impingements of liquid drops are neglected. But, to 
trigger a realistic motion, a series of random numbers is employed. It is used 
as an initial distribution of the density near the surface. This method 
successfully gives a realistic simulation of the mixing process. Numerical 
result for mixing velocity shows good agreement with experimental data. 


INTRODUCTION 

Density of LNG varies according to its composition. When we receive LNG 
with different composition into a partially filled tank, they sometimes separate 
into two layers. This stratification should be avoided because it may cause the 
roll-over accident. A widely accepted way to receive heavier liquid into lighter 
layer is called bottom feed method, where these liquids are mixed by jet flow 
from a nozzle placed at bottom of the tank. In these years, top feed method is 
adopted at several power stations, where heavier liquid is sprayed on the 
lighter layer through a ring-header placed in the top space of the tank, mis 
method is believed to be more reliable to receive heavier LNG. 

Many researches have been done related to the mixing in the bottom feed 
method both theoretically and experimentally (refs. 1 and 2), but no reports are 
found for the top feed method. Some researches have been done on impingement ot 
single drop against liquid surface (refs. 3 and 4), but there seems no research 
dealing with many drops and/or mass transport. In the present study, mixing 
process of the top feed method is investigated numerically. A color animation 
video will be presented at the meeting to show an evolution of the density 
distribution. 


MODEL AND METHOD OF COMPUTATION 

In the present analysis, temporal change of the distributions of velocity 
and density are solved in a rectangular computational domain. This domain 
includes the vicinity of the liquid surface. Therefore, only beginnings of the 
mixing can be analyzed in the present study. Governing equations employed here 
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are vorticity transport equation, stream function equation Javier Stoke 
equations) and mass transport equation. Buoyant force due to the dty 
difference is modeled by using Boussinesq approximation. This system is 9°verne 
Jy three nondimensional parameters: Grashof number Gr, Reynolds number Re and 
Schmidt number Sc. That is, 

Gr = g(Ap/p 0 )L 3 /v 2 
Re = UL/u , Sc = WD 

where g denotes the acceleration of gravity, the density difference between 

heavier and lighter liquid. Po the density of the sprayec ,nd 
the reference length, U the receiving velocity, v> the kinematic viscos y 

D the diffusion coefficient. 


velocity and the density are assumed at 
is, flow due to the impingement of the 
e of the flow. A thin layer with uniform 
surface as a result of quick mixing, 
ion of density is given on a grid line 
of random numbers is used to make this 
obtain realistically complex solution, 
s given at bottom boundary. Both side 


Uniform distributions of the inflow 
liquid surface, i.e. top boundary. That 
drops are ignored because of small seal 
density is assumed to form near the 
However, a nonuniform initial distribut 
just below the top boundary. A series 
nonuniformity. This trick enables to 
Uniform distribution of the velocity i 
boundaries are modeled as no-slip wall. 

The governing equations are discretised by using a finite difference 
method. The transport equations for the vorticity and the density are sol e y 
an explicit time integration method. In the present problem, mass transport will 
be dominated by convection because of very small diffusion coefficient. To keep 
high accuracy for such complex flow, Kawamura-Kuwahara scheme (ref. 5) is used 
to approximate convection terms. The stream function equation is so ve y u g 
the ADI method in each time step. 

Some essential input data used in the present computation are as follows: 
Gr=l IxlO 1 * Re=47.4 Vl Sc=794, 40x120 grids, 20000 time steps. Peclet number Pe 
(=Re*Sc) is’ 3.76x10*. The reference length L (=200mm) is a width of an 
experimental apparatus by which a visualization experiment was carried ou . 
Physical properties are for brine. Computation time was about 3.5 hours on 
computer FUJITSU FAC0M VP-2100. 


RESULTS AND DISCUSSION 


In the early stage of computations, we did not use any artificial initial 
distribution of density. But there happened no convective mixing. It is a 
trivial solution with only diffusion. For the next trial, we gave a seed for a 
initial distribution of the density. Some small value was given at only grid 
point on the center line just below the surface. Figure 1 shows an evolution of 
the density distribution for initial 4 seconds. Because this is just a trial, 
the lower part of the computational domain was cut off. To avoid the 
complication of the figure, the contour line is plotted for 0.1 (nondimensional 

density) only. 


In the beginning of the mixing, wavy motions appear 

surface. These motions are similar to those seen in 

characteristics of this wavy motion, such as wave 


liquid 
instabi 1 ity 


in the vicinity of the 
Rayleigh-Taylor 


(ref. 6). The 
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length, are determined spontaneously. The amplitudes of the waves increases 
gradually. One of the plume stands out from the others, and a mushroom-shaped 
plume forms. This plume reaches bottom and spreads. The density distribution is 
perfectly symmetrical and not very complex in contrast with the tol lowing 
result. We have not seen such simple and beautiful patterns in the experimen . 
This simplicity may come from the unrealistic boundary or initial condition. 










Figure 1.- An evolution of the density distribution for initial 
4 seconds (a seed is given at a grid point only). 


Figure 2 shows the density distributions for initial 8 seconds. The random 
numbers are used here for the initial distribution of the density. is 

evolution of the density will be also presented by the aid of a color animation 
video at the meeting. The color display makes it easy to understand the density 
distributions. In the beginning of the mixing, wavy motions appear as seen in 
figure 1 also. The amplitudes of the waves increases gradually, and some plumes 
of the heavier liquid grow. Two dominant plumes can be seen in the early stage 
of mixing. Finally, these mushroom-shaped plumes join into a vortical flow. 
After the dominant flow forms, following plumes are caught into the vortex one 
after another. The vortical flow develops further and the heavier part sinks 

'■ downward. This feature of mixing is very similar to the observation in the 

experiment (ref. 7). It should be noted here that the position of the dominant 
plumes and the general behavior of mixing are not strongly affected by the 
artificial initial distribution of density. 

Figure 3 shows an evolution of the density profiles in the vertical 
direction. The density is averaged in the horizontal direction. It is obvious 
that the front of the plumes moves downward. The density changes steeply at the 
front. This tells that the convetive mass transport is dominant compared with 
the diffusive transport there. The distribution is basically plateau sha P e °» 
though some unevenness is there. The heavier liquid seems to be mixed well 

within the vortex. 
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Figure 4 shows the position of the front of plumes as a function of time. 
The position of the front is defined here as the point where scaled density is 
0.1. The velocity increases with time, and reach some value. An interest thing 
is that the front pause for a moment after 6 seconds mixing. This behavior was 
observed in the experiment also. The plume will go down with intermittent 
pauses. The numerical result for the average plume velocity shows good agreement 
with the experimental result. 








400i 


Experiment 
(time is shifted) 



Tine (sec) 


10 


Figure 4.- Position of the front of the plumes 
as a function of time. 


CONCLUSIONS 

The mixing process of heavier liquid sprayed on the lighter layer has been 
analyzed numerically. The temporal change of the flow field and the density 
field are obtained. Realistically complex process is successfully predicted by 
using a series of random numbers for the initial condition. The present 
simulation catches the features, the momentary pause of the plumes' front, which 
is observed in the experiment. The numerical result for the plume velocity shows 
good agreement with the experimental result. 
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ANALYSIS OF A SPACE EMERGENCY AMMONIA DUMP USING 
THE FLOW-NET TWO-PHASE FLOW PROGRAM 
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Huntington Beach, California 
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Mechanical Engineering Department 
University of Maine 


ABSTRACT 

Venting of cryogenic and non-cryogenic fluids to a vacuum or a very low pressure will take place in many 
space-based systems that are currently being designed. This may cause liquid freezing either internally 
within the flow circuit or on external spacecraft surfaces. Typical ammonia flow circuits were investigated 
to determine the effect of the geometric configuration and initial temperature, pressure, and void fraction 
on the freezing characteristics of the system. The analysis was conducted also to investigate the ranges of 
applicability of the FLOW-NET program. It was shown that a typical system can be vented to very low 
liquid fractions before freezing occurs. However, very small restrictions in the flow circuit can hasten the 
inception of freezing. The FLOW-NET program provided solutions overbroad ranges of system conditions, 
such as venting of an ammonia tank, initially completely filled with liquid, through a series of contracting 
and expanding line cross sections to near-vacuum conditions. 

INTRODUCTION 

Freezing of either a cryogenic or a non-cryogenic fluid during venting to a low pressure environment is 
a concern in the design of the space liquid storage systems. There are many situations where such venting 
may be necessary. For instance, the Space Station ammonia loop may have to be vented during an 
emergency, liquid delivered to orbit may have to be dumped during a shuttle emergency , or liquid may have 
to be transferred from a high-pressure supply tank to a tank at a low pressure. During the design phases of 
such orbital liquid systems the question is often asked whether most of the liquid can be vented prior to 
freezing, and in which specific locations in the flow circuit can such freezing occur. 

The design complexity of the space fluid systems requires that adequate computational tools be available 
for the analysis of such systems. During the venting process a typical storage system will start out with a 
storage tank initially at a high pressure and a low void fraction. As liquid flows through the system, it 
increases in void fraction, decreases in temperature, and can result in a completely evaporated liquid or a 
single-phase vapor flow at the outlet to space. The analysis of such a system is rather demanding 
computationally and the methods of analysis are currently under development and have not reached a state 
of maturity where such problems can be solved routinely. Typical designs considered in the present analysis 
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were analyzed both to provide some insights into the freezing problem and to check out the applicability 
of the FLOW-NET program. 


COMPUTATIONAL METHOD 

The FLOW-NET program was used to conduct the computations. The initial version of the program, 
called SOLA-LOOP, was developed at the Los Alamos Scientific Laboratory (ref. 1). The program 
development continued at Flow Science, Inc. and at the present time the development continues at the 
University of Maine. 

Conservation of mass, energy, and momentum equations solved by the program are given in reference 
2. They are repeated here for the sake of completeness. 

Conservation of mass 


dp dp uA _ S Q + S c 

Hi + ~Abx “ ~ JL ~V 


t*P, M 
bt + Abx 

dp, dA 

ir + A^- 



Pg P< »r \ 

P ) 

li P( »r \ 

P ) 


= J c + J,. + 

- ^ 

" V 


V 


Conservation of momentum 


dll d ( ir\ 1 d / Apj p, u;\ 

d t + d.v + pA d.v ^ p ) 


dP I 

- Pdx + g ' ~ 2 V'" A) " I " I + "p 
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Conservation of energy 
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bA 

,4dA 




Ef, + P 0] + i4 ( [p ( E( + P (1 


-0)]} = 


Q,„ + 5, H, + 5, Hy + S, H ( 
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In these equations. 


A 

= 

cross sectional area 

E g 

= 

specific total gas energy 

E< 

= 

specific total liquid energy 

A 

= 

area change loss coefficient 

L 

= 

friction loss coefficient 

8, 

= 

body acceleration 

H, 

= 

noncondensible gas enthalpy 

fit 

= 

liquid enthalpy 

Hy 

= 

vapor enthalpy 

A 

= 

rate of condensation 
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J e 

K d 

P 


S s 

S, 

S e 

S v 

u 

u r 

U p 

V 

x 

e 

p 

Ps 

Pi 


= rate of evaporation 

= liquid-gas momentum exchange coefficient 
= pressure 
= time 

= external gas source 
= external noncondensible gas source 
= external liquid source 

= V s * 

= mixture velocity 

= relative velocity between liquid and vapor 
= acceleration due to externally applied force 
= mixture volume 
= distance 
= void fraction 
= mixture density 
•- vapor density 
= noncondensible gas density 


06 / 26*2 


The equations of motion as presented here are equivalent to those in other two-phase flow programs such 
as ATHENA (ref. 3), RELAP5 (ref. 4). and TRAC (ref. 5). In these equations K d is a function that describes 
the momentum exchange between the liquid and the gas phases. Large differences in liquid-gas velocities 
are associated with a small value of K d . Conversely, small differences in liquid-gas velocities are associated 
with a large value of K d . Initially the FLOW-NET program was formulated assuming relatively small 
velocity differences. This permitted the elimination of terms underlined in the momentum equation. These 
terms have been included in a recent program modification (ref. 6). Although the capability to solve 
problems with large velocity differences exists, such problems can be solved only when K d is known, which, 
in most cases, has to be determined experimentally. Fortunately, there are classes of problems where K d 
could be safely assumed to be large. System venting problems considered here can be assumed to have small 
relative velocities between phases. In such a case, the continuously decreasing system pressure will cause 
nucleation and continuous vapor generation. Such nucleation usually occurs at solid surfaces, thus breaking 
up any tendency to separate the phases into a low-velocity liquid phase attached to the solid surfaces and 
a high-velocity vapor core. This is illustrated in Figure 1. 

503675.1 M5DV 

► 

m vapor 

Constant Pressure Flow 


► 

m vapor 

Decreasing Pressure Flow 

Figure 1. Effect of pressure decrease on flow configuration 
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NUMERICAL SOLUTIONS 

The venting analyses presented in this paper were conducted as part of the Two-Phase Integrated Thermal 
System (TPITS) shuttle experiment designed to evaluate the Space Station two-phase ammonia thermal 
control system. Although the analyses were performed to evaluate a specific system, results are applicable 
to other similar systems and show significant trends and design conditions to be avoided. 

Two specific analyses were conducted. In the first one a typical ammonia tank was vented to space. A 
long-duration run was made to determine the point where freezing is likely to occur. In the second case short 
runs were conducted to determine the effects of flow restrictions in the vent line and initial tank 
thermodynamic conditions. 


1 . Venting of an Ammonia Tank 

The computational model considered is shown in Figure 2. The supply tank initial conditions were P = 
67.0 psia, T = 35°F. The outside boundary pressure was kept at 31.16 psia for 10 seconds, then allowed 
to decrease to 1 .24 psia in 300 seconds. The pressure was not decreased any further to avoid temperature 
decrease below freezing, a condition that has no physical meaning, because the program can consider only 
liquid-vapor mixtures with no solid phase. The saturation temperature corresponding to the 1.24 psia 
pressure is -100°F, slightly above the -107.86°F freezing temperature. 

503676 M5DV 



Figure 2. Ammonia dump computational model 


The computational model consists of pipe PI, representing the supply tank, a reducer R1 between the 
supply tank and the vent line P2. Expander R2 and pipe P3 are approximations of space conditions. There 
are no reliable methods available that could be used to solve liquid-vapor plume problems. Only crude 
approximations of external conditions can be made, as were done in the present analysis. To approximate 
the external conditions, the flow was allowed to expand from a 0.25 in. diameter line to a 3.0 in. diameter 
line. Results of such analysis can give a qualitative indication of possible ice formation outside of the exit 
plane. 

The supply tank void fraction, mixture pressure, and temperature histories are shown in Figures 3, 4, and 
5. respectively. The aim of a liquid dump system is to vent as much of the liquid as possible without freezing 
the liquid. As shown in Figure 3, the tank approaches a void fraction of 1 .0 at approximately 350 seconds. 
At this point the temperature, as shown in Figure 5, is well above the freezing temperature. It can be 
concluded that the tank can be vented without freezing. At 350 seconds the tank vent line exit temperature 
is well above the freezing point, as shown in Figure 6. It can also be concluded that the liquid in the line 
will not freeze. 
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Temperature distribution along the length of the circuit is shown in Figure 7. Results show that the 
temperature at the exit drops substantially between 200 and 300 seconds, getting close to freezing between 
300 and 400 seconds. It can, therefore, be concluded that conditions outside of the vent exit could cause 
some freezing. The total mass that could freeze is small because the void fraction during this time period 
is large as shown in Figure 8. 


2. Effect of Geometry and Initial Conditions on the Vent System Performance 

A flow circuit with contracting-expanding cross section was constructed to get some understanding of the 
effect of the flow circuit geometry and initial conditions on the freezing potential. The flow circuit geometry 
is shown in Figure 9; the conditions analyzed are given in Table I. Circuit exit boundary conditions are 
shown in Figure 10. In this particular case the exit pressure was reduced to 0.2 psia, thus creating a potential 
to reach temperatures below freezing. However, it should be realized that temperatures below freezing have 
no physical meaning. The solution gives an indication that a freezing condition is approaching but gives no 
quantitative answers. 


41 







100 1 I I I UM . Q 0 I Q * 0' 1 

0 20 40 60 80 100 120 140 

Distance (in.) 


Figure 7. Temperature distribution along the length of the flow circuit 
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Figure 8. Void fraction distribution along the length of the flow circuit 
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Component 

Length (in.) 

Diameter (in.) 

PI 

25.6 

12.0 

P2 

29.1 

0.25 

P3 

2.0 

Variable (See Table 1) 

P4 

2.9 

0.25 

P5 

34 

0.50 

P6 

5.7 

3.00 


PI, VF, T- initial pressure, void fraction, and temperature (Table 1) 
P 0 - boundary pressure (Figure 10) 

Figure 9. Flow circuit geometry 


TABLE I. INITIAL CONDITIONS AND THE THROAT DIAMETER 


1 ADLC 1. im 1 IML V 

t Case 1 

Mite » 

Case 2 

Case 3 

Case 4 

PI, (psi) 

67.0 

8.0 

8.0 

8.0 

VFt 

0.001 

0.99 

0.99 

1.0 

T, (°F) 

35.0 

-50.0 

-50.0 

-50.0 

Pl 2 (psi) 

32.0 

8.0 

8.0 

8.0 

vf 3 

1.0 

1.0 

1.0 

1.0 

t 2 cf) 

2.0 

-50.0 

-50.0 

-50.0 

d (in) 

0.056 

0.056 

0.20 

0.056 

prol-paper 92h0533 tl 06/25^2 


To conserve computer time, the four cases were run for 2.0 seconds. Temperature histories for the four 
cases are shown in Figure 11. Plots start at 0.5 seconds to give a better resolution of the results. Case 1, 
which is similar to the first long-duration case described in this paper, shows a very gradually decreasing 
temperature, well above the freezing point. Case 2, which has a low supply tank pressure and a high void 
fraction (a condition that could be encountered partially into the vent cycle) shows a rapidly decreasing 
temperature, reaching a point well below freezing. Case 3, similar to Case 2, but with a larger restriction 
diameter, shows much higher temperature. This gives some quantitative evidence to an intuitively obvious 
fact that severe restrictions can hasten the formation of ice w'ithin the flow circuit. It is, therefore, prudent 
to avoid such restrictions whenever possible. Case 4 shows the temperature response of a pure vapor, to 
show' the difference in response to a two-phase medium. 
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Figure 11. Pipe P5 exit temperature history 



CONCLUSIONS 


The ammonia dump analysis results indicate that ammonia can be readily vented overboard either in an 
emergency situation or under normal operating conditions with little danger of freezing. For a typical flow 
circuit considered in the analysis, practically all of the ammonia could be vented with temperatures 
remaining well above freezing. Freezing potential developed outside of the vent nozzle toward the end ot 
the dump operation, when the liquid quantity in the system is low. Restriction in the flow circuit can greatly 
enhance the possibility of freezing and should be avoided. When such restrictions cannot be avoided, they 
should be included in the computational model. 

No difficulties were encountered using the FLOW-NET program. The cases analyzed are rather difficult 
cases computationally, since the flow starts out as essentially a pure liquid in the supply tank, undergoes 
a phase change in the flow circuit, then expands into essentially space environment. All results were stable 

and the solutions well-behaved. 
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RUNNING SIND A '85/FLUNT INTERACTIVE ON THE VAX 


Boris Simmonds 

Sverdrup Technology MSFC Group 
Huntsville, Alabama 


ABSTRACT 

Computer software as engineering tools are typically run in three mod«: Batch, Demand and 
Interactive. The first two are the most popular in the SINDA world The third one ^ot ^puU^ 
due probably to the users inaccessibility to the command procedure files for running SINDA 85, < r lac 
of familiarty with the SINDA '85 execution processes (pre-processor, processor, compilation, Unking, 
execution and all of the file assignment, creation, deletions and de-assignments). Interactive is the mode 
that makes thermal analysis with SINDA '85 a real-time design tool. This paper explains a command 
procedure sufficient (the minimum modifications required in an existing demand command procedure) to 
run SINDA '85 on the VAX in an interactive mode. To exercise the proasdure a sampie problem is 
presented exemplifying the mode, plus additional programming ^P»bditi«» available in SINDA 85. 
Following the same guidelines the process can be extended to other SINDA 85 residence comp 
platforms. 
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SINDA PROCESS 


Interactive Process 


[ Get the Current Locationand^PlaceJojCee^R^u|tsj 

♦ , 

Create Working Directory on Scratch or LocaUyJ 


Run Pre-Processor || 


I 


Compile and Link~fr- 


1 


Run Processor 



□ USER 


Delete the Working Fil^andKrectori^J* 1 


I 


De-assign all Working Files~jfr- 


INPUT FILES 
OUTPUT FILES 


INTERACTIVE PROCESS 

• Minimum Command Procedure Modifications Required 


• In the Standard ASTA.COM File Hold the Run-Process and the 
File-Deletion-Process by Commenting the Following Two Lines: 

$ RUN 'FNAME 
$ @AST:DELWORK 

• Recommend You Create a New File such as ASTA_SAVE.COM. 

• Define a Symbol such as SINDA85_SAVE:= — @ ASTA_SA VE in 
Your THERMAL Set-Up or LOGIN.COM Files. 
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INTERACTIVE PROCESS 


• Compilation and Linking Process 


• Run the Preprocessor With Input File XXX.1NP: 

$>SIN D A85_S AVE XXX.INP 

• If Errors are found, files XXX.OPP or XXX.US located in the 
Same Directory of XXX.INP Will contain any Pre-Processor 
(SINDA85/Fluint) or Compilation (Fortran) error messages. 

• If No Errors, You will find Yourself within the ZZZZZZ.DIR 
Scratch Directory. Among All of the XXX.DAT files is the XXX.EXE 
Executable ready to Run. 

• Transparent to the User, the VAX System Has also Assign a Number 
of Working Files (Just like your ASTA_SAVE.COM File Requested 
That Will Remain Assign Until they Are De-assigned, or Until You 
Logout Should You Logout These Assignments Need to be Made 
Before the XXX.EXE can be Run. 


INTERACTIVE PROCESS 


• Running Interactive: 


• To Run Just Enter: 

$>RUN XXX 

• All of the Lines Programmed in the HEADER OPERATIONS DATA Block 
of the SINDA"85/Fluint Model Will Begin Execution. 


• Result Files: 


• Result Files (XXX.OUT, XXX.US1 , XXX. R SO, Etc) Will be Created in the 
Same Location as the XXX.INP Model. 
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EXAMPLE PROBLEM 
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PROBLEM DESCRIPTION 


• SINDA'85/Fluint Model FMLI.INP 


C THIN SUBMODEL: DESIGNED TO MODEL THE THIN INSULATED 
C SECTION OF THE FOAM/MU TEST ARTICLE IN GROUND PHASE CONDITIONS. 

C 

C PURGE FLUID SUBMODEL: DESIGNED TO MODEL THE GN2 PURGE BETWEEN THE 
C MU AND THE SHIELD. THIS SUBMODEL GENERATES THE CONVECTION 
C BETWEEN THE SHIELD AND THE THIN MU INTERFACE. 

HEADER OPTIONS DATA 

TITLE FOAM/MU GROUND PHASE 
MODEL sTEST 
OUTPUT = FMLLOUT 
USER1 = FMU.US1 

C FLUID DESCRIPTION FOR LN2 PURGE GAS 

HEADER FPROP DATAJ728.SL0.0 

C MOST COMPLETE N2 GAS (NEAR 1 ATM.) 

C VALUES BELOW 77J6K ARE FOR VAPOR 
C RGAS = B314.34fiS.01 
AT,V, 65.0.4.40E-6 

77.36, 5.44E-6, 80.0.5.59E-6, 8E.0.5.9E-6, 90.0.6.22E-6 

95.0. 6.54E-6, 100.0,6 .87E-6, 106.0, 7.10E-6, 110.0.7.52E-6 

115.0. 7.83E-6, 1 20.0,6.1 SE-6, 125.0.8.0E-6, 126.2.8.65E-6 

130.0. 8.78E-6, 140.0, 9.4E-6, 180.0,1 1.8E-6, 200.0,1 2.9E-6, 

220.0. 13.9E-6, 240.0, 15.0E-6, 260.0,1 6.0E-6, 280.0,1 6JE-6, 

300.0. 17.9E-6, 340.0, 19.7E-6, 440.0.23.7E-6, 460.0.24.4E-6, 

480.0. 25.2E-6, 500.0, 25.9E-6 

AT.K, 65.0,6.1 E-3, 75.0,7.1 E-3, 77.36, 7.4E-3, 80.0.7.6E-3, 

85.0. 8.0E-3, 90.0.8.SE-3, 95.0.8.9E-3, 100J),9.4E-3, 

105.0. 9JE-3, 110.0, 10JE-3, 11 5.0,1 0.7E-3, 125.0,1 1.7E-3, 

130.0. 12.1 E-3, 150.0.13.9E-3, 1 60.0,1 4.7E-3, 180.0.16.5E-3, 

200.0. 18.3E-3, 220.0, 19.9E-3, 240.0.21.6E-3, 300.0,26 .OE-3 

320.0. 27.4E-3, 340.0.28.7E-3, 380.0.31.3E-3, 400.0,32£E-3, 

460.0. 37.5E-3, 500.0, 38.6E-3 

AT, CP, 65.0,1 .039E3, 320. 0,1. 039 E3, 380.0,1 .042E3, 460JJ.1.060E3 

600.0. 1. 056E3 


HEADER CONTROL DATA.GLOBAL 

UID = ENG P ATMOS =-14.7 

ABSZRO *0.0 
SIGMA *1.0 
NLOOPS =500 
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PROBLEM DESCRIPTION 


SIND A’ 85/Fluint Model FMLI.INP (cont) 


HEADER USER DATA, GLOBAL 

PI ■ 3.1416 
VALUE =0.0 
ICASE =1 

C T<^ CHANGE* MODEL CONFIGURATION, MODIFY THE FOLLOWING VARIABLES: 



C CRYO PHYSICAL PROPERTIES: 

OEVAP =191.9 $ HEAT OF VAPORIZATION OF CRYO (BTU/LBM) 

TCRYO = 37.0 9 CRYO TANK TEMP PEG R) 

C BOUNDARY CONDITIONS: 

TWALL = 530.0 $ CHAMBER WALL PEG R) 

TSHIELD = 520.0 $ ALUMINUM SHIELD TEMP PEG R) 

GN2PT =530.0 $ CHAMBER GN2 PURGE GAS TEMP PEG R) 

C MU PROPERTIES: 

AMUTN =45.809 
DMLTTN = 50.0 
XLAYTN = 17.0 
EMUH =0.05 

■WH" 

DPIN =1.0 
FMSTN =1.0 
SEAMLTN = 36.061 
SEAMWTN = 0.125/12. 

C SOP PROPERTIES: 

ASOFTTN = 43.986 
SOFTTN =0.45/12. 

C WALL PROPERTIES: 

EWALL >0.8 
C SHIELD PROPERTIES: 

ASHTN =62.03 ITHIN SHIELD AREA (FT2) 

ESHIELD = 0.9 $ EMJSSIVTTY OF AL SHIELD 

FSW =1.0 6 SHIELD-WALL VIEW FACTOR 

CONVSW =1.0 $ GN2 CONV BET SHIELD AND WALL (BTUWR-FT2-F) 

C GN2 PURGE FLUINT NETWORK 

GN2MLJT = 530.0 9 MU GN2 PURGE GAS TEMP (DEG R) 

GN2PFR =10.0 9 MU GN2 PURGE FLOWRATE (LBS/MIN) 

HTCTN =0.0 9TT4N GN2 PURGE H(BTU/1«-FT2*F) (OUTPUT) 
RENTN =0.0 9 THIN GN2 REYNOLD’S NO. (OUTPUT) 

C USED FOR OUTPUT ONLY XMUTN = 0.0 9 TWN MU THCKNESS 

VPURTN = 0.0 9 GN2 VEL BET SHIELD AND THW MU (FT/SEC) 

C OTHER MODIFIABLE INPUTS 

STEF s 0.171 4E-8 9 STEFAN-BOLT2MANN (BTUHR-FT2-R4) 

ymmum ******* 

C END OF MODinCATIONS 
C* 


9 THIN MU SURFACE AREA 
9 MU DENSITY (LAYERS/IN) 

9 NUMBER OF MU LAYERS ON THIN (INC OUTER/INNER) 

9 MU HEMISPHERICAL EMISIVITY , cv . M __ M 

9 MU OUTER LAYER EMlSWTTY PDIA = 1J32/12.0 $ LEXAN PIN 

9 PIN DENSITY (WSQFT) 

9 THIN MU-SHIELD VIEW FACTOR 
9 THIN MU SEAM LENGTH (FT) 

9 THIN MU SEAM WIDTH (FT) 

9 THIN SOn AREA (FT2) 

9 THIN SOP THICKNESS (FT) 

9 EMtSSIVTTY OF VAC WALL CHAMBER 
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PROBLEM DESCRIPTION 


• SINDA'85/Fluint Model FMLI.INP (cont) 


C THIN SUBMODEL: 

C 

C MAJOR ASSUMPTIONS 

C 1. TANK OUTER SURFACE IS CONSTANT (DEG RANIQNE) 

C 2. CHAMBER WALL TEMPERATURE IS CONSTANT (DEG RANKJNE) 

C 3. AVERAGE SOR THICKNESS IS 0.45 IN. (BASED ON TMCKNESS MAP) 

C 4. MU DENSITY • 50 LAYERSAN., 15 LAYERS MU PLUS TWO MYLAR COVERS 
C MU THICKNESS = 17/50 = 0.34 IN. 

C 5. MU HEMISPHERICAL EMK5SIVTTY = JOS 

C 6. EMISSIVTTY OF MU OUTER SURFACE * .1. EMISSIVTTY OF SHIELD = .0 
C EMISSIVTTY OF VACUUM CHAMBER = OS. 

C 7. LEXAN PINS, DIAMETER = 1/8 IN., DENSITY = 1 PER FT A 2 MU 

HEADER USER DATA, THIN 

101 = 0 . 

102 = 0 . 

103=0. 

201 = 0 . 

301=0. 

401=0. 

501=0. 

502=0. 

503=0. 

504=0. 

C 

588=0. 

900=0. 

HEADER NODE DATA, THIN 

10, 520.0,-1.0 8 ALUMINUM SHIELD 

20, 450.0, -1.0 $ MU SURFACE 

30, 380.0, -1.0 I SOR SURFACE 

40, 200.0,-1.0 5 SOR MIDPOINT 

•8, 530.0,0.0 S CHAMBER WALL 

•0, 530.0,0.0 $GN2 PURGE GAS 

-50, 37.0, -1.0 8CRYO 

HEADER CONDUCTOR DATA, THIN 

C CALCULATION FOR HEAT LEAK COMPONENTSC 
C G(mll-thield) (100) = A*Fv*Fs*STEF 

C G(mli cond) (101) = (CALCULATED IN VARIABLES 1 USING EMPIRICAL FORMULA) 

C G(mli rad) (102) = (CALCULATED IN VARIABLES 1 USING EMPIRICAL FORMULA) 

C G(mli gas) (103) = KN2 * A/Tmli 
C G(mli seam) (-104) = Laaam*Waeam*Fseam*STEF 

C G(mli pin) (105) = Kpln*Npln(ratk>)*A*ApWTmBC G(mll pin) (105) = Kpln«Npln(ratk>)*A*Apln/T mil 
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PROBLEM DESCRIPTION 


SINDA'85/Fluint Model FMLI.INP (cont) 


C G(«of) (106) = K*ofi*A/(T«ofl/2) 

C G(*ofi) (107) = K«ofl*A/(T«ofl/2) 

C G{wall*shield) (108) = A*Fv*Fe*STEF 
C Q(QN2-SHIELD) (100) = h*A 
C 

- 100 , 10 , 20 , 1.0 

101, 20, 30, 1.0 

102, 20, 30, 1.0 

81V 103, 20. 30, A3.K501 

-104, 20, 30, 1.0 

SPV105, 20, 30, A1.K50; 

SPY 106, 

SPV 107, 

•108, 

100 , 


1.0 8SHELDTOMU 

1.0 $ MU CONDUCTION 

1.0 8 MU RADIATION 

A3.K501 8 MU GAS 

1.0 8 MU SEAM 

A1.K502 8 MU PIN 


30, 40, A2.KS03 $ SOR CONDUCTION 

40, 50, A2.K504 8 SOR CONDUCTION 

10. 8, 1.0 8 WALL TO SHIELD 

10. 0, 1.0 8 GN2 CONV SMELD-WALL 


HEADER ARRAY DATA, THIN 

1 =3.23365 E-2,3. 351 83E-4.-4.641 4E*7 .3.23797E-1 0 8 KPIN 
2=0.00258.0.0000231 8 K SOF1 BX2S0 

3= 115.0, 0.084 8 K (GN2) 138.1, 0.0787 

138.2.0. 00439 

460.0. 0.0131 

800.0. 0.0204 

1000.0. 0.0243 

HEADER CARRAY DATA, THIN 
898=PARAMETER 

HEADER FLOW DATA,PURGE,F!D=8728 


LUPLEN.IO.PL =14.7, TL = 530. 
LU JUNC.1, PL = 14.7, TL = 530. 
LU PLEN,20,PL = 14.7, TL = 630. 


PA CONN, 1,10,1 

DEV = MFRSET 
8MFR = 1.0 
PA CONN.2,1,20 
DEV = STUBE 
TLEN = 1.0 OH 
AF =1.0 

THTO,1.1,THIN.10A0.5 

THTNA1,THIN^0A0.5 


8 SEE OPERATIONS BLOCK 


8 SEE OPERATIONS BLOCK 
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PROBLEM DESCRIPTION 


SINDA’85/Fluint Model FMLI.INP (cont) 


HEADER OPERATION DATA 

BUILD TEST, THIN 
BUILDF TEST.PURGE 

777 CONTINUE-^ 

XMLTTN = XLAYTN/DMLTTN/12.0 
C 

C WRITE INPUT PARAMETERS TO SCREEN 
WRTTE(2,1 1 00)ICASE 
C CRYO PHYSICAL PROPERTIES: 

WRrTE(2,1 1 01 )TCRYO,QEVAP 
C BOUNDARY CONDITIONS: 

WRfTE(2,1 1 02)TWALL,TSHIELD,GN2PT 
C MU PROPERTIES: 

WRTTE(2,1 103)AMLTTN,DMLTTN,XLAYTN, 

1 XMLTTN, EMUH.EMUO.PDIA, 

1 DPIN,FMSTN,SEAMLTN,SEAMWTN 
C SO FI PROPERTIES: 

WRFTE(2,1 1 04)ASOFTTN,SOFTTN 
C WALL PROPERTIES: 

WRITE(2,1 1 05JEWALLC SFBELD PROPERTIES: 

WRITE(2,1 1 06) ASHTN,ESHIELD,FSW,CONVSW 
C GN2 PURGE FLUINT NETWORK 
WRTTE(2,1 1 08)GN2MLrT,GN2PFR 
C 

9995 WRTTE(2,9994) 

9994 FORMATS 

1 1 ENTER PARAMETER NAME TQ BE CHANGED: (EX: TCRYO)'/ 
1 ’ TO RUN WITH CHANGES ENTER: RUN'/ 

1 1 TO QUTT ENTER: QUIT OR EXIT) 

READ(1 ,'(A)\END«9996)THN.UCA999 

IF(THIN.UCA999(1:1).EQ.' ySO TO 9995 

IF(THIN.UCA999(1 :3).EQ.'RUN')GO TO 778 1 

IF(TMN.UCA999(1 :4).EQ.'QUfT)GO TO 779 

IF(THIN.UCA999(1:4).Ea‘EXrr)GO TO 779 

9996 WRTTE(2,9997)THN.UCA999 
9097 FORMATS 

1 'ENTER VALUE FOR 'M) 

RE AD(1 ,\EN Qs9996)VALUE 
C 

1F(THIN.UCA999(1 iSy.EQ.’QEVAP' )GEVAP=VALUE 
IF(THIN.UCA999(1 :6).EQ.TCRVO’ )TCRYO=VALUE 
C BOUNDARY CONDITIONS: 

IF{THN.UCA999{1 :5).EQ.TWALL' )TWALU VALUE 
IF(THIN.UCA999(1 :7).EQ.TSMELD')TSMELD=VALUE 
IF(THIN.UCA999(1 :5).Ea'GN2PT)GN2PT=VALUE 
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PROBLEM DESCRIPTION 


SINDA’85/Fluint Model FMLI.INP (cont) 


C MU PROPERTIES: 

IF(TWN.UCA999(1 :6).EQ.'AMUTN' )AMUTN=VALUE 
IF(THIN.UCA9M(1^).EQ. , DMUTN' )DMUTN*VALUE 
IF(THIN.UCAM®(1 :6J.EQ.'XLAYTN’ )XLAYTN=VALUE 
IF(TH1N.UCA9M(1 tBJ.EQ.'EMUH 1 )EMUH*VALUE 
IF(THIN.UCA9®9(1 :5).EQ. , EMUO f )EMUO=VALUE 
IF(THIN.UCA999(1 :4).EQ.'PDI A' )POIA=VALUE 
IF(THIN.UCA9M(1 :4).EQ.'DPIN' )OP1N=VALUE 
IF(TWN.UCAM9(1 :5).EQ.'FMSTN' )FMSTN=VALUE 
IF(THIN.UCA999(1 :7).EQ. , SEAMLTN , )SEAMLTN*VALUE 
IF(1HN.UCA99S<1 :7).ECL , SEAMWTN')SEAMWTN»VALUE 
C SOB PROPERTIES: 

IF(THIN.UCA099(1 : 7 ).EQ- , ASOFn'N')ASORTN=VALUE 
IF(THIN.UCA989(1 :6).EQ. , SOFrrN* )SOFTTN=VALUE 
C WALL PROPERTIES: 

IF(THIN.UCA999(1 :5).EQ.'EWALL' )EWALL»VALUE 
C SHIELD PROPERTIES: 

IF(THIN.UCA0M(1 :5).EGL‘ ASHTN 1 )ASHTN=VALUE 
IF(TH1N.UCA998(1 :7).EQ.'ESHIELD , )ESHIEU>*VALUE 
IF(THIN.UCAM9(1 :3).EQ.'FSW )FSW=VALUE 
IF(THIN.UCA#W(1 :6).EQ.'CONVSW )CONVSW=VALUE 
<C GN2 PURGE FLUINT NETWORK 

IF(THIN.UCA9fl9(1 :7).EQ.‘GN2MUT)GN2 MUTmVALUE 
IF(THIN.UCA999(1 :8).EQ.'GN2PFR‘ )GN2PFRsVALUE 
C 

GO TO 777 ” 

C 

778 CONTINUE 

C 

C WRITE INPUT PARAMETERS TO USER1 RLE 
WRITE(NUSER1 ,1 00)ICASE 
C CRYO PHYSICAL PROPERTIES: 

WRITE(NUSER1 ,101)TCRYO,QEVAP 
C BOUNDARY CONDITIONS: 

WR!TE(NUSER1 f 102)TWALL,TSWELD.GN2PT 
C MU PROPERTIES: 

WRITE(NUSER1,103)AMLITN,DMLITNJ{LAYTN, 

1 XMUTN.EMUH.EMUO.PDIA, 

1 DPIN.FMSTN.SEAMLTN.SEAMWTN 
C SOn PROPERTIES: 

WRITE(NUSER1 ,104)ASOFTrN.SOFTTN 
C WALL PROPERTIES: WRITE(NUSER1 ,105)EWALL 

C SHIELD PROPERTIES: 

WRITE(NUSER1 ,1 08)ASHTN,ESHIELD,FSW,CONVSW 
C GN2 PURGE FLUINT NETWORK 

WRITE(NUSER1 ,1 08)GN2ML!T,GN2PFR 
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PROBLEM DESCRIPTION 


SINDA'85/Flumt Model FMLLINP (cont) 


CALL CHGLMPCPURGEM0,TL',GN2MUT,'PL’) 

PURGE.SMFR1 = GN2PHT60.0 
C THIN MU WETTED HEAT TRANSFER AREA = 4.0*TLEN*AF/DH 
PURGE.DH2 = 3. 5-3.0 

PURGEAF2 = PW.*(3.5**2-3.0**2) 

PURGE.TLEN2 « (2.’AMUTN)*PURGE.DH2/4./PURGEJU : 2 

THIN.T8 =TWALL 
THIN.T9 = GN2PT 
THIN.T50 sTCRYO 
CALL HNQCAL (THICK) 

CALL STDSTL 
THIN.XK888 = -THN.Q50 
TH1N.XK999 = TH1N.XK888/QEVAP 

C WRITE TEMPERATURE OUTPUT TO USER1 RLE 
WRITE(NUSER1 ,201 ) 

1 THIN.T50,THiN.T30,THiN.T20,THIN.T 1 0.THIN.T8 
WRfTE(NUSER1 ,203) 1 PURGE.FR2/B0.,PURGE.TL1,PURGE.TL1,PURGE.PL1, 

1 HTCTN,VPURTN,RENTN 

WRITE(NUSER1,301) 

1 THIN.XK888.THIN.XK999 

ICASE = ICASE+1 

G0TO77T 

779 CONTINUE ^ 

100 FORMAT( 

1 1 GROUND HOLD TEST PREDICTIONS V 

1 -INPUT PARAMETERS FOR CASE N0.74,' -7 


101 FORMAT( 

1 ' CRYO PHYSICAL PROPERTIES :7 

1 ' TCRYO . '.E10.4,' CRYO TANK TEMP (DEG R)7 

1 ' QEVAP = \E10.4/ HEAT OF VAPORIZATION OF CRYO (BTU/LBM)') 

102 FORMATS 

1 'BOUNDARY CONDITIONS :V 

1 'TWALL s \E10.4,' CHAMBER WALL AND PLATFORM TEMP (DEG R)V 
1 ' TSHIELO = ‘.E10.4,' ALUMINUM SHIELD TEMP (DEG R)7 
1 ' GN2PT s '.E10.4,' CHAMBER GNE PURGE TEMP (DEG R)*) 

103 FORMATS 1 ■ MU PROPERTIES tj 

1 ' AMUTN = ',E10.4,' THIN MU SURFACE AREA',/ 

1 ' DMUTN s ',E10.4,' THIN MU DENSITY (LAYERS4N)7 

1 ' XLAYTN = '.E10.4,' NO. OF MU LAYERS ON THIN 4 27 

1 ' XMUTN 3 \E10.4,' THIN MU THICKNESS (FT) (OUTPUT ONLY)',/ 

1 ' EMUH B '.E10.4,' MU HEMISPHERICAL EIRSIVmr; 

1 ' EMUO * \E10.4,' MU OUTER LAYER EMKIVTTYy 
1 ' PDIA = '.E10.4,' LEXAN PIN DIA (FT)7 
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PROBLEM DESCRIPTION 


• SINDA'85/Fluint Model FMLI.INP (cont) 


1 * DPIN a \E10.4,' PIN DENSITY (N078QFT)V 
1 ' FMSTN = ',E10.4,‘ THIN MU-SHIELD VIEW FACTOR'/ 

1 * SEAMLTN = \E10.4,' SEAM LENGTH (FT )7 
1 • SEAMWTN = ',E10.4,' SEAM WIDTH (FT) 1 ) 

104 FORMAT*/ 

1 1 SOFl PROPERTIES :'/ 

1 ’ ASOFTTN a ',E10A; THIN SOFl AREA (FT2)'/ 

1 ■ SOFTTN a ',E10.4,' THIN SOR THICKNESS (FT) 1 ) 

105 FORMATS 

1 * VACUUM CHAMBER WALL PROPERTIES : / 

1 'EWALL = '.El 0.4,’ EWSSJVTTY OF VAC WALL CHAMBER') 

100 FORMAT*/ 

1 * SHIELD PROPERTIES :’/ 

1 ' ASHTN . •.E10.4/ SHIELD AREA (FT2)V 
1 * ESH1ELD a ',£10.4,' EMISSIVITY OF AL SHIELD/ 

1 ' FSW » ’.E10.4.' SHIELD-WALL VIEW FACTOR'/ 

1 ' CONVSW = ‘.El 0.4,' GN2 CONV SHIELD-WALL (BTUHR-FT2-F) /) 

C 

C GN2 PURGE FLUINT NETWORK 

108 1 • ^JjURGE FLUINT NETWORK :'/ 1 ' GN2MUT » '.E10.4,' MU GN2 PURGE GAS TEMP 

1 ' QN2PFf/= '.E10.4,' MU GN2 PURGE FLOWRATE (LBSMN)') 

C 

201 FORMAT(/ 

1 ' FOAM/MU TEMPERATURES (DEG R) BY SUB-MODELS :'/ 

1 ' — v 

1 'THIN MU:'/, 

1 ' CRYO SOR MU AL SHIELD. 

1 ' WALL'/,5(2X,F8.2)) 

C 

C SUBMODEL PURGE OUTPUT 
C 

203 FORMAT* 

1 ' THIN PURGE FLOW NETWORK INFO 1 / 



1 ' FR2( LB/MI N) TL1 (F) TL2(F) PU(PSI)' 

1 'H*B/HR-FT2-F) V(FT/SEC) REN NO.'/ 

1 4*1X.E10.5)^*2X,E10E» 

c 

301 FORMAT*/ 

1 • HEAT LEAK BOIL-OFF RATE'/ 

1 '• v 

1 'THIN \E12.4.' ’.E10.4/) 


(BTU/HR) (LBS/HR) 7 


fl00 FORMAT^ GROUND HOLD TEST PREDICTIONS INPUT PARAMETERS ' 

1 'FOR CASE NO. M4) 

C 


59 


PROBLEM DESCRIPTION 


• SINDA'85/Fluint Model FMLI.INP (cont) 


1101 FORMAT( 

1 ' TCRYO = \E10.4,' QEVAP = \E10.4) 

1102 FORMAT( 

1 ’ TWALL = \E10.4,’ TSH1ELD = '.E10.4/ 

1 ' GN2PT x\E10.4) 

1103 FOR MAT ( 

1 ' AMLTTN = ',E10.4,' DMUTN = \E10.4,/ 

1 ' XLAYTN = ',E10.4,' XMUTN = ',E10.4/ 

1 ' EMUH « '.E10.4,' EMLJO *',E10.4/ 

1 'PWA = ‘.EIO.^ DPIN s '.E10.4/ 

1 * FMSTN = '.E10.4,' SEAMLTN = \E10.4,/ 

1 ' SEAMWTN = \E10.4) 

1104 FORMAT( 

1 1 ASORTN x '.E10.4,' SOFTTN = ’.E10.4) 

1105 FORMAT( 

1 'EWALL = \E10.4) 

1106 FORMAT( 

1 ' ASHTN = , ,E10.4, , ESHELD = \E10.4 1 / 

1 ■ FSW * ',E10.4,' CONVSW = '.E10.4) 

C GN2 PURGE FLUINT NETWORK 

1108 FORMAT( 1 * GN2MUT = \E10.4,' GN2PFR x ’.E10.4) 

C 

HEADER VARIABLES 1, THIN 

C CALCULATING VALUES FOR BASIC MU HEAT LEAK COMPONENTS 
C Q(mli cond) = [A*8.95E-«*NLC A 2.S6/(2*(N-1))]TTm A 2 - T* A 2] 

C Q(mll rad) = [ A*5.39E-1 0*ototh/(N-1 )J*1T mM.67 - Ta A 4.67] 

C 

C NOTE: THE ABOVE EQUATIONS UTILIZE SI UMTS B/C EQUATIONS ARE GIVEN 
C AS SUCH. 

C 

C CONVERSION FACTORS WERE USED FOR CONTINUITY OF INPUTS. 

C AREA: 1 FT**2 = .0*2903 M~2 
C LENGTH: 1 1N x 2*4 CM 
C HEAT: 1 BTU/HRx .28307 WATT8 
C TEMPERATURE: DEG R x T(DEG R) x 1.8T(DEG K) 

C G100 x AMLfTN*FMSTN*(1 J(1 VEMUO+1 JESHIELD-1 JJfSTEF 

XK201 = 8.95E-8*((DMLJTN/2.54)”2.5«y(2.*(XLAYTN-1.)) 

XK102 x (AMLJTN*.092003*XK201 )*((T20fl .8)**2.-{T30/1.8)**2.y.28307 
G101 = XK102/(T20-T30) 

XK301 x 5-39E*10*EMLJH/(XLAYTN-1.) 

XK101 « (AMUTN*.082803*XK301)*((T2<V1.8r4.87KT30rt J)"4A7y^9307 
G102 x XK101/(T20-T30) 

XK501 x AMUTN/XMUTN 
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PROBLEM DESCRIPTION 


• SINDA'85/Fluint Model FMLI.INP (cont) 


G104 _ SEAMLTN*SEAMWTN*(SQRT(1 .♦XMUTN**2/SE AMWTN**2^XMLITN/SEAMWTN)*‘ 
XK502 = DP1N*AMLFTN*PI*PDIA**2/XMUTN 
XK503 * ASOFTTN/(SORTN/2.) 

XK504 = XK503 

G108 = ASHTN*FSW*(1 7(1 JESHIELD+1 7EWALL-1 .))*8TEF 
G109 = CONVSWASHTN 

HEADER OUTPUT CALLS, THIN 

IF(LOOPCT.GT.1) THEN 
CALL TPRINT (THIN) 

CALL HNQPNT (TUN') 

END IF 

HEADER OUTPUT CALLS, PURGE 

IF(LOOPCT.GT.1) THEN 
CALL LMPTAB CPURGE') 

CALL TIETAB fPURGE') 

CALL PTHTAB CPURGE ) 

END IF 

« 

HEADER FLOGIC 1, PURGE 

C OBTAIN PURGE GAS V AND R* BETWEEN SHIELD AND THIN MU (FT/SEC) 

C V = MDOT * SPEC VOL / FLOW AREA 

VPURTN = PURGE.SMFR1 *VSV(PL1 ,TL1 , PURGE. FiyPURGE.AF2/3600. 

HTCTN = DnTUS(PURGE.FR2,PURGE.DH2,PURGEAF2,THIN,T20.PURGE.PL1, 

1 purge.tli.purge.xli.purge.fi) 

RENTN = VPURTN *3*00.*PURGE.DH2/VSV(PL1 ,TL1 .PURGE.R)/ 

1 WISCV(PL1 JL1.PURGE.FI) 

C 

END OF DATA 



EXAMPLE PROBLEM 



EXAMPLE PROBLEM 


• Interactive Run: 

Output Files ( Created in Scratch Directory ZZZZZZJDIR) 


EPVAXm* 

Directory DMK«UtER44«MWOMOC.WORK.TFAWrZZZZ2Z] 

ARYDAT.DAT 

1* 

ARYTREJMT;1 

CARTRE-DAT;1 

CNTDAT.DAT;1 

CKTTWLDAT; 


COMHAM OAT;1 

C0ffTRCLDAT;1 

0RYDATJMT;1 

FLOOON.OAT 


Hj00CVJMT;1 

HjOJUN.OAT;1 

njOMOfXOAT;1 

RjOPULDAT; 


nj0mPJMT;1 

R0nE-DAT;1 

FL0HNLDAT;1 

RjOTURDAT; 


FMU£XE;1 

UMPTB£LDAT;1 

NOOOATJMT;1 

NOOTRE.DAT 


NOUSEIUMT;1 

MWTR£.DAT;1 

NVOOAT.DAT;1 

NVOOAT.DAT 


OFTlONJDATjl 

OPnOHSJ>AT;1 

PC*OAT.DAT;1 

tOftDAT.DAT 


TKTREJMT;1 

THYDATJ>AT;1 

USEDAT-DAT;1 

Total of S3 Mm. 
EPVAX> 
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EXAMPLE PROBLEM 


• Interactive Run: 

p anni ng Interactive (File FMLI.EXE) 


EPVAXxunMI 


GROUND MOU> TEST PREDICTIONS Pipin’ PARAMETERS FOR CASE NO. 1 
TCRYO «0-3700E+02 OE VAP aO.ltUE+08 
TWALL »<LSJ00E*O3 TBHKLD-0-M0OE+O3 
GN3FT ■0J300E«n 

AMLTTN *<L4SS1E+fl3 DMUTN ■ 0J000E+O2 
XLAYTN *0.17006+02 XMUTN *0JB33E-01 
EAHJH aOJOOOE-OI EMUO *<L1000E+00 
POM *0-»O4E*O2 OWN a0.1000E+01 
FMBTN - O.1O0OE+O1 SEAMLTN - OJ004E+02 
SEAMWTN * 0.1042E-01 
ASORTN*0.43NE+02 SOFTTN .0^7806-01 
ci Mii i bOJOOOE+OO 

ABHTN -0S2O3E+O2 ESHMELD a OJOOOE+OO 
FBW - 0.1000E+01 CONV8W . 0.1000E+01 
GN2MUT * O.OOOE+O® GN3PFR *0.10006+02 

ENTER PARAMETER NAME TO BE CHANGED: (EX: TCRYO) 

TO RUN WITH CHANGES ENTER: RUN 
TO OUT ENTER: QUIT OR EXIT 


EXAMPLE PROBLEM 


• Interactive Run: 

Entering Inputs (Modify TCRYO User Data to 140) 


TCHVO 

ENTER VALUE FOR TCRYO 
140 


GROUND HOLD TEST PREDICTIONS INPUT PARAMETERS FOR CASE NO. 1 

TCRYO *0.14006+03 OEVAP *0.1t10E+03 
TWALL * 0.5300E+03 TSHELD * 0 J300E+03 
GN2PT ■ 0 lS300E+O3 

AMLTTN m 0.4SS1E+02 DMUTN aOJOOOE+02 
XLAYTN ■ 0.1700E+03 XMLTTN -0-2S33E-01 
EMUH * OJOOOE-OI EMUO *0.1000E+00 
POM -0J004E-03 DPN4 .0.1000E+01 
FM6TN * 0.1000E+01 SEAMLTN * 0 JS06E+02 
8EAMWTN * 0.1042E-01 
ASOFTTN * 0.4300E+02 SOFITN *0.37*0€-01 
EWALL -OAOOOE+OO 

ASHTN * 0.S203E+O2 E8MELD a 0 J000E+00 
FBW .0.1000E+01 CONVBW -0.1000E+01 
GN2MLTT * 0.5300E+03 GN2PFR aO.lOOOE+02 

ENTER PARAMETER NAME TO BE CHANGED: (EX: TCRYO) 

TO RUN WITH CHANGES ENTER: RUN 
TO QUIT ENTER: QUIT OR EXTT 
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EXAMPLE PROBLEM 


• Interactive Run: 

Entering Inputs (Modify CONVW User Constant to .5) 

CONVSW — — 

ENTER VALUE FOR CONVSW 
A 


GROUND HOLD TEST PREDICTIONS INPUT PARAMETERS FOR CASE NO. 1 
TCRVO a0.1400E«0) OEVAP b<M*10€+O3 
TWALL s0J300E«O3 TSUELD « 0J200E«O3 
QN2PT -GjBJOOE** 

AMUTN »<MSS1E*62 DMLTTN • OJOOOEHtt 
XLAYTN ■ 0.17D0E*02 XMLfTN bOJS33E-01 
EMUH * 0jKXX>€-© 1 EMUO . <MOO0E*O0 
POIA .O20ME-O2 DfRN -0.1000E+01 

FMSTN * 0.1000E+01 SEAMLTN - 0 J606E*02 
SEAIIWTN ■ (L1042E-01 
ASOFTTN ■ 0.4MSEHB SOFTTN * 0J7S0E-01 
EWALL tOJOOOEdW 

A8HTN - 0.6203E+02 E8HELD - OJOOOEtOO 
FSW * 0.1000E+01 CONVSW -OJOOOE+OO 

CM2MJT * O.SSOOE+OS QN2PFR -0.1000E^>2 


ENTER PARAMETER NAME TO BE CHANGED: (EX: TCRYO) 
TO RUN WITH CHANGES ENTER: RUN 
TO QUTT ENTER: OUT OR EXIT 



EXAMPLE PROBLEM 


• Interactive Run: 
Run Casel 


RUN 


GROUND MOU> TEST PREDICTIONS INPUT PARAMETERS FOB CASE NO. 2 

TCRYO * 0.1400E+03 

OEVAP bO.ISISE+03 

TWALL wOSMOEM 

TStflELD ■ (LS200E+09 

QN2PT .QJSOOE+tt 


AMUTN •&4M1E«*2 

DMLTTN .OJOOOE+tt 

XLAYTN ■ (LITOOEHB 

XMLTTN «0J*SK-01 

EMLH - O-fOOOE-OI 

emuo «aioooc«oo 

POIA • IL2S04E4S 

DRN -&1000E+01 

FMSTN «0.1000E«S1 

SEAMLTN b (DS06E*02 

8EAMWTN b 0.1042E-01 


ASOHTN b 0»4WSE«62 

SOFTTN ■ 0J7S0E-01 

EWALL bOJOQOE+OO 


A8HTN b0J20SE«C2 

E8HELD b OJOOOETOO 

FSW bO.IOOOMI 

CONVSW «&SOOOE+O0 

GN2MUT bOJOOOE+08 

QN2PFR b 0.1000E+02 

ENTER PARAMETER NAME TO BE CHANGED: (EX TCRVO) 

TO RUN VffTH CHANGES ENTER: RUN 

TO QUIT ENTER: QUTT OR EXIT 



EXAMPLE PROBLEM 


• Interactive Run: 

Exit and Show Result Files in TFAWSJMR 


EXTT 

FORTRAN STOP 
EPVAXxflr [*J 

Directory OI8K|USER4:IWM»IONDS.WOfllCTFAWSl 

FUUJNP-,3 FMUUS;1 RSLLOPP;1 FMUOUT;1 

FULL US 1 ;1 ZZZZ2XDIR;1 

Total of A Wm. 

EPVAX> 


SUMMARY 


• The Interactive Process Saves Time. 

• Permits Modifications to Thermal/Fluids Model Parameters During Run Time. 

• Permits User to Examine Results and Make Decisions During Parametric Studies. 

• Executable Models Can be Run by Non-SINDA'85/Fluint Users. 

• Open the Doors for Unlimited Creativity and Interaction with the 
SINDA'85lFluint Models. 
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SUMMARY 


• Output File FMLI.US1 


GROUND HOLD TEST PREDICTIONS 

-INPUT PARAMETERS FOR CASE NO. 1 - 

CRYO PHYSICAL PROPERTIES : 

TCRYO * 0.1400E+03 CRYO TANK TEMP (DEG R) 

QEVAP = 0.1*1 9E+03 HEAT OF VAPORIZATION OF CRYO (BTU/LBM) 

BOUNDARY CONDITIONS : 

TWALL = 0.5300E+03 CHAMBER WALL AND PLATFORM TEMP (DEG R) 

TSHIELD > 0.5200E+03 ALUMINUM SHELD TEMP (DEG R) 

GN2PT = 0.5300E+03 CHAMBER GNE PURGE TEMP (DEG R) 

MU PROPERTIES : 

AMUTN = 0.4581 E+02 TMN MU SURFACE AREA 
DMIiTN = 0.5000E+02 THIN MU DENSITY (LAYERSAN) 

XLAYTN = 0.1 700 E +02 NO. OF MU LAYERS ON THIN ♦ 2 
XMUTN = 0.2833E-01 THIN MU THICKNESS (FT) (OUTPUT ONLY) 

EMUH = 0.5000E-01 MU HEMISPHERICAL EMKIYITY 
EMUO s 0.1000E+00 MU OUTER LAYER EIRSIVITY 
PDIA = 0.2604E-02 LEXAN PIN DIA (FT) 

DPIN = 0.1000E+01 PIN DENSITY (NOJSQFT) 

FMSTN = 0.1000E+01 THIN MU-SHIELD VIEW FACTOR 
SEAMLTN s 0.3606E+02 SEAM LENGTH (FT) 

SEAMWTN « 0.1042E-01 SEAM WIDTH (FT) 

SOFI PROPERTIES : 

ASOFITN = 0.4399E+02 THIN SOFI AREA (FT2) 

SOFTTN s 04750E-01 THIN SOFT THICKNESS (FT) 

VACUUM CHAMBER WALL PROPERTIES : 

EWALL = 0.8000E+00 EMISSIV1TY OF VAC WALL CHAMBER 
SHIELD PROPERTIES : 

ASHTN s 0.6203E+02 SHIELD AREA (FT2) 

ESHIELD 8 O.OOOOE+OO EMISSIVTTY OF AL SHIELD 
FSW s 0.1 000E+01 SHIELD-WALL VIEW FACTOR 
CONVSW s 0.5000E+00 GN2 CONV SHIELD-WALL (BTUWHR-FT2-F) 

GN2 PURGE FLUINT NETWORK : 

GN2MUT 8 0.5300E+03 MU GN2 PURGE GAS TEMP (DEG R) 

GN2PFR 8 0.1000E+02 MU GN2 PURGE FLOWRATE (LBS/MM) 

FOAM/MU TEMPERATURES (DEG R) BY SUB-MODELS : 

THIN MU : 

CRYO SOFI MU AL SHIELD WALL 
140.00 312JS6 406.56 524.75 530.00 
THIN PURGE FLOW NETWORK INFO 

FR2(LB/UN) TL1 (F) TL2 (F) PL2 (PSI) H(BAIR-FT2-F) V(FT/SEC) REN NO. 
.10000E+02 .52208E+03 52208E+03 .1 4700 E +02 .227B1E+00 J8730E+00 J791SE+04 
HEAT LEAK BOIL-OFF RATE 
(BTU/HR) (LBS/HR) 

THIN 0.1582E+04 0.8245E+01 



SUMMARY 

• VAX FILES (Command Procedures) to Run SINDA'85 


EPVAXxJ 

Directory DISK$USER4:lSIMMONDS.THERMAL.SINDA86] 

ASTA.COM;20 7 16-OCT-1W91 1335:41.10 (RWED,RWED,RE,RE) 

ASTAPP.EXE;1 002 19*APR*1 900 14:56:33.00 (RWED,RWED,RE,RE) 

ASTASAVE COM3 7 22-APR-1991 1537:31.10 (RWED,RWED,RE,RE) 

BANNER.TXT;7 3 21-JUL-1989 12:54:24.00 (RWED.RWED.RE.RE) 

BANNER2.TXT;3 7 21 -JUL-1989 12:54:35.00 (RWED,RWED,RE,RE) 

DATA_ONLY.DIR;1 1 26-SEP-1990 07:51:56.12 (RWED,RWED,RE,RE) 

DELWORK.COM;24 2 29-J UN-1 989 16:34:40.00 (RWED.RWED.RE^E) 

EXPLOT.DIRjl 1 25-SEP-1990 16:18:1230 (RWED,RWED,RE,RE) 

FlNCLUDE.DiR;1 3 26-SEP-1990 11:20:28.10 (RWED.RWED.REJtE) 

FLUINTP.OLB;2 2204 19-APR-1990 14:20:42.00 (RWED,HWED,RE,RE) 

FLUlNTPP.OLB;1 1480 10-APR-1000 14:1031.00 (RWED.RWED.RE.RE) 

FS_ROUTINES.OLB;1 116 4-OCT-1991 14:19:0337 (RWED.RWED.RE^E) 
INCLUDE. 01R;1 4 26-SEP-1 990 1130:22.93 (RWED.RWED.RE.RE) 

UNKPPF.COM;3 1 24-JUL-1966 11:16:38.00 (RWED.RWED.RE.RE) 

UNKRAP.C0M3 1 6-SEP-1989 08:16:49.00 (RWED.RWED.REJ1E) 

MKNAME.COM;1 1 15-AUG-1964 10:30:06.00 (RWED.RWED.RE.RE) 

MKWORK.COM;17 2 29-JUN-1 989 08:33:50.00 (RWED,RWED,RE,RE) 

NEW FS_ROUTlNES.OLB;1 

48 19-FEB-1991 13:23:30.60 (RWED.RWED.RE.RE) 

OLD FS_ROimNES.OLB;1 

116 20-JUL-1989 16:24:38.00 (RWED.RWED.RE.RE) 

OLD TS AVE_ASCi.OBJ; 1 

3 10-OCT-1990 11:56:2630 (RWED.RWED.RE.RE) 

SAMPLES. DIR; 1 1 10-AUG-1990 09:55:56.44 (RWED.RWED.RE.RE) 

SETHO M E COM;7 1 29-JUN-1989 08:28:58.00 (RWED,RWED,RE,RE) 

SINDA85.COM;24 12 20-APR-1990 10:21:41.00 (RWED,RWED,RE,RE) 

SINDA85.USAGE;6 20 9-JUL-1992 13:28:21.82 (RWED,RWED,RWE,RWE) 

SINDA85SAVE.USAGE;4 

1 9-JUL-1992 13:28:44.40 (RWED.RWED.RWE.RWE) 
TSAVE_ASCII.OBJ;4 3 19-FEB-1991 1330:1331 (RWED,RWED,RE,RE) 

imUTY.OLB;1 113 19-APR-1990 14:18:43.00 (RWED,RWED,RE,RE) 


ToUl of 27 file*. 5060 block*. 
EPVAX> 



SUMMARY 


• ASTASAVE.COMWith Minimum Modifications 

Required 

_____ - — “ 

$ SET WORK/UMT=1024 
f On WARNING than goto EXIT1 
S On CONTROL.Ythen goto EXIT1 

$ ASSIGN $1 |dua4:[u«ef .SIMMON DS.THERMAL.SINDAS5] AST 

SI 

SI 

S node = fSgeteyK'NODENAME') - "SYS" 

S ctartjime = fStlmeO 
Setart.cpu sfSgetJpl(’Vcputlm’) 

SI 

SI GET THE CURRENT LOCATION AND PLACE TO KEEP THE RESULTS 

SI 

S IF PI .NES. " THEN GOTO ISINPUT 
S WRITE SYSSOUTPUT ’ ***** ERROR - NO WPUT * 

S GOTO EXFT1 
S ISINPUT: 

S WRITE SYSSOUTPUT ’INPUT DATA HLE: "PI” 

S OAST:SETHOME 'PI 

S FNAME = FSPARSE(P1 ,,,’NAME’) 

S Aseign *SINDA85_KEEP_DIR"FNAME.OPP FOR006 
SI 

SI Aeeign the MFTAS Proceeeor TSAVE Plot file. 

S Aeeign 'SINDA85_KEEP_DIR" FNAME' KEEPSFILE 

SI 

SI CREATE WORKING DIRECTORY ON SCRATCH OR LOCALLY 

SI 

S SET NOCONTROLsY 
S OAST.MKWORK 
S SET CONTROUY 
SI 

SI RUN THE PRE PROCESSOR 

SI 

S On WARNING then goto EXIT 
SOn CONTROL.Y then goto EXIT 

S WRITE SYSSOUTPUT 'SINDA '85 PREPROCESSOR RUN OF PROBLEM: "PI” 

S WRITE SYSSOUTPUT ’STARTING: "FSTIMEO” 

8T1 a FSGETJPK'*.’CPUT1M') 

$! RUN/NODEB AST:flulntPP$ RUN/NODEB AST:ASTAPP 

S T2 = (FSGETJPI{”,’CPUT1M*) - TtyiOO 

S WRITE SYSSOUTPUT ‘ The Pre-Proceeeor ren for T2* epu eeconds* 

S WRITE SYSSOUTPUT ’PREPROCESSOR ENDS : "FSTIMEO” 

S DEASSIGN FOR005 
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SUMMARY 


• ASTASAVE.COMWith Minimum Modifications 

Required (cont) 


II COMPILE AND UNK 
II 

|On WARNING than goto EXIT 

| On CONTROL_Y then goto EXIT 

I WHITE SYSIOUTPUT 'BEGINNING COMPILE AND LINK' 

I WRITE SYSIOUTPUT 'STARTING: "FST1ME0'' 

|T1 = FIGETJPIC VCPUTIM') 

I FOR/US=‘SINDA85_KEEP_DIR"FNAME.US/CROSS ASTAP.DAT 
| T2 = (F|GETJPI(",'CPiniM') - TtyiOO 
I WRITE SYSIOUTPUT ' The compiler ran for "TO* cpo eeeonds* 

I Writ* SYSIOUTPUT' DOING THE UNK' 

|T1 = FIGETJPH'VCPUnM') 

I UNK/EXEC='FNAME.EXE ASTAP,AST:flulntp/L,UTIUTY/l,FS_ROUTlNES/L 
|T2s (FIGETJPK* ','CPUTIM') - TiyiOO 

I WRITE SYSIOUTPUT ' The link ran for T2' cpu eeconde' 

| WRITE SYSIOUTPUT 'COMPILE AND UNK ENDS : "FIT1ME0" 

| DEL ASTAP.V 

II 

II RUN THE PROCESSOR 

II 

I On WARNING then goto EXIT 
| On CONTHOL_Y then goto EXIT 
I ASSIGN , SINDAB6_KEEP_DIR ,, FNAME.TSV FOR021 
I ASSIGN 'SINDA85_KEEP_DIR"FNAME.RP FOR025 
| IF P2 .EQS. " THEN GOTO ENT1 
| WRITE SYSIOUTPUT 'RSI DATA FILE: "P2\RP* 

| OAST.MKNAME P2 
I PP2 ■ TN AME 
| ASSIGN 'PP2.RP FOR024 

| WRITE SYSIOUTPUT 'SINDA 'IS PROCESSOR RUN OF PROBLEM: "PI" 

I WRITE SYSIOUTPUT 'STARTING: "FIT1ME0" 

|T1 = F|GETJPI(" ,'CPUTIM') 

II 

I ASSIGN SYSMNPUT FOROOI 

I ASSIGN SYSIOUTPUT FOR002 

$1RUN FNAME 

|IT2 = (F|GETJPI('','CPUT1M') - TiyiOO 

IIWRTTE SYSIOUTPUT ' The proeeeeor ran for "T? cpu eeoonde* 

IIWRITE SYSIOUTPUT 'PROCESSOR ENDS : "FfTIMEO" 

II 

II DEL WORKING RLES AND DIRECTORIES 

II 

I EXIT: 

II - 
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SUMMARY 


• ASTASAVE.COM With Minimum Modifications 

Required (cont) 

$open/sppend uuge aet:eJnda85save.usage 
$ write usage f9getjpl<*y ueernameV y’node’V yetaitjiine", - 
■ '.fftimeO 
$ close usage 
tl 

9 On WARNING then continue 
$ On CONTROL.Y then continue 
9 On ERROR then continue 

9 IF *"F9LOG1CAL(’FOROOS’) , ’.NES.*’ THEN DEASSIGN FOROOS 
9 IF "’F9LOGICALCFOR006T.NES." THEN DEASSIGN FOR006 

$! @ AST :DELWORK 

9 EXTT1: 
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TRASYS Form Factor Matrix Normalization 


Glenn T. Tsuyuki* 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91109 


SUMMARY 

A method has been developed for adjusting a TRASYS enclosure form factor matrix to unity. 
This approach is not limited to closed geometries, and in fact, it is primarily intended for use 
with open geometries. The purpose of this approach is to prevent optimistic form factors to 
space. In this method, nodal form factor sums are calculated within 0.05 of unity using 
TRASYS, although deviations as large as 0.10 may be acceptable, and then, a process is 
employed to distribute the difference amongst the nodes. A specific example has been analyzed 
with this method, and a comparison was performed with a standard approach for calculating 
radiation conductors. In this comparison, hot and cold case temperatures were determined. 
Exterior nodes exhibited temperature differences as large as 7°C and 3°C for the hot and cold 
cases respectively when compared with the standard approach, while interior nodes 
demonstrated temperature differences from 0°C to 5°C. These results indicate that temperature 
predictions can be artificially biased if the form factor computation error is lumped into the 
individual form factors to space. 


NOMENCLATURE 


A; 

AU 

BCS 

DDA 

FFCAL 

FFRATL 

F* 

GLL 

GMM 


area of ith node 
astronomical units 
block coordinate system 
dual-drive actuator 

form factor calculation segment within TRASYS 

maximum intemodal subelement distance to average intemodal subelement 
distance ratio 

form factor from node i to node j 
Galileo Project 
geometric math model 


* Technical Group Leader, Cassini Thermal Engineering Group 
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HGA 

high gain antenna 

LGA 

low gain antenna 

MLI 

multilayer insulation 

NELCT 

number of subelements used in Nusselt unit sphere method 

PWS 

plasma wave science 

Si 

nodal form factor sum for node i 

S/C 

spacecraft 

TMM 

thermal math model 

TRASYS 

Thermal Radiation Analyzer System 

«. 

solar absorptivity 

A, 

difference between nodal form factor sum for node i and unity 

€ 

hemispherical emissivity 

Superscripts 

cal 

calculated directly through TRASYS 

red 

calculated through form factor reduction process 

uni 

calculated from process to adjust form factor matrix to unity 


STATEMENT OF THE PROBLEM 

TRASYS (Ref. 1) is a software system which is utilized for the determination of intemodal form 
factors and environmental heating in primarily extraterrestrial thermal analyses. When GMMs 
are of moderate or large size, it becomes increasingly more difficult to verify their form factor 
calculations. Internodal shadowing and complex-shaped geometry are some reasons contributing 
to this obstacle. Thus, individual form factor verification is simply not practical for sizeable 
models. Of more pragmatic importance is the form factor from each node to space. TRASYS 
does not directly determine form factors to space in its standard operating mode. Instead, 
TRASYS implicitly uses the difference of the nodal form factor sum and unity. Therefore, any 
form factor computation error will be directly imbedded in the form factor to space. It should 
be noted that TRASYS possesses an option to enable direct calculation of the form factor to 
space. However, this option is computationally-intensive and has demonstrated computational 
errors (Refs. 2, 3, and 4). A more significant shortcoming with this approach is its inability to 
save form factor to space calculations on the restart file. Clearly, an approach that can address 
how the computational error is distributed over all nodes is required. 

FORM FACTOR MATRIX NORMALIZATION 

Standard Form Factor Calculation Mode 

The FFCAL segment is responsible for form factor calculations within TRASYS. It is reliant 
upon a parameter known as FFRATL which represents the maximum intemodal subelement 
distance to average intemodal subelement distance ratio. The default value is 15.0, but it may 
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be respecified by the user. If the calculated FFRATL is less than the specified value, the double 
summation (numerical integration) technique is used for that particular F^. However, 1 e 
calculated FFRATL is greater than the specified value, the Nusselt unit sphere technique is 
employed. The Nusselt unit sphere technique is more accurate than the double summation 
method, but it is also more time-consuming as well. The default FFRATL value has been 
demonstrated to be an empirically optimal in terms of computation time and accuracy. 


Creating Enclosures from Open Geometries 

It has been indicated the individual form factors to space may be inherently erroneous if there 
is no provision to verify the calculation. A suggested approach is to construct an enclosure 
around the open geometry. This does not simply imply surrounding the geometry within a large 
sphere, but rather using appropriate-sized surfaces to complete closure. A simplistic example 
would be using a sufficiently-nodalized hemisphere to enclose a circular disk. The closing 
surfaces should be nodalized so that each enclosing nodal area is no more than one order of 
magnitude larger than the smallest node in the geometry, but ideally, it should be of the same 
magnitude. Such a constraint upon the enclosing area helps to ensure accurate form factor 
calculations to and from these nodes. 

Optimizing Form Factor Calculations 

In many instances, it is not tractable to determine the validity of every form factor calculation 
especially if the geometry does not constitute a complete enclosure. For enclosures, a more 
global but yet effective way of determining form factor calculation accuracy is the nodal form 
factor sum which must be unity. This idea may be extended to non-enclosures since it was 
previously explained how open geometries may be closed out. Usually, accuracy within ±0.05 
of unity is acceptable, but there may be cases where accuracy within ±0.10 of unity is 
acceptable since temperature differences are expected to be small. Nodal form factor sums may 
not be acceptable even after the standard TRASYS form factor calculation procedure is 
implemented. Accuracy may be improved by recomputing individual form factors for those 
nodes whose form factor sums are unacceptable by forcing the Nusselt unit sphere technique and 
by using more nodal subelement resolution. In terms of application within TRASYS (see Fig. 
1), the previous form factor calculation is restarted, recomputed nodes are identified through 
RECOMP option in the form factor data block, Nusselt unit sphere method is specified by 
setting FFRATL to -1.0, and higher nodal resolution is specified by setting NELCT equal to 
between 75 and 100 prior to the FFCAL call. With correctly-specified geometry, recomputation 
will usually bring form factor sums between 0.95 and 1.05. 

Figure 1 - TRASYS run stream for form factor recomputation; italicized text indicates user 
input 

HEADER OPTIONS DATA 

RSI $ READ RESTART TAPE FROM INITIAL FF RUN 
RSO $ WRITE RESTART OUTPUT TAPE 
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HEADER FORM FACTOR DATA 

FIG model configuration name 

node ID , RECOMP $ RECOMP FFs TO AND FROM THIS NODE 
node ID , RECOMP 


HEADER OPERATIONS DATA 

NELCT = 100 $ SUBELEMENTAL BREAKDOWN SPECIFICATION 
c ****************** ************************************* 
C* USE UNIT SPHERE METHOD FOR FF RECOMP 

q** ******************************************** ********* 

CALL FFDATA( value , value, -1.0, ) 

L FFCAL 


END OF DATA 

If form factor recomputation does not produce acceptable nodal form factor sums, it would be 
advisable to reexamine the geometry for potential geometry problems such as gaps between 
nodes, inactive side of a node being viewed, or a node lying directly upon or intersecting 
another node. 

Reducing Form Factor Sums Greater than Unity 

Even after form factor recomputation, there may be a number of nodes whose form factor sums 
are unacceptably greater than unity. A simple algorithm has been devised to reduce the 
individual form factors on a weighted basis so that the nodal form factor sum is consequently 
reduced to or below unity. For any of the nodes in question, the difference from unity is 
determined as, 

a,=E<-i 0) 

j 

Or, 

A J =5“ , -1 (2) 

It is assumed that A; represents the form factor computational error and furthermore, it is 
assumed that the error is proportional to the size of the nodal form factor. Hence, each nodal 


F rtd =F aU - 
v 1 v 



j 


(3) 
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form factor may be reduced based upon its fractional make-up of the form factor sum, and this 
weighing is demonstrated as the second term in Eq. 3. Eq. 3 may be rewritten as: 


-cal 

r rtd_ r (i 

~ cal 
Si 


(4) 


When the reduction process is complete, Eq. 4 indicates that the summation of the reduced nodd 
form factors should total unity. It should be noted that although the ith nodal form factor sum 
has been set to unity, the reduction process implicitly affects the jth nodal 
to form factor reciprocity. Consequently, there may be instances where the jth nodal form factor 
sum is perilously close to 0.95, and the reduction process will lead to an u fl acc^^ fom 
factor sum for the jth node. In these cases, this jth node should be excluded from the reduction 
process, and the weighing should be based on the remaining nodal form factors. 


Adjusting Form Factor M atrix to Unity 

Following the reduction process, the nodal form factor sums should not be greater than unity. 
It is possible to devise a process to increase form factor sums to unity at this point. However, 
the application of this process to every node would be difficult, because of the interdependency 
of the form factors through reciprocity. Instead, the main objective is to prevent the difference 
between the nodal form factor sum and unity from erroneously being added to the form factor 
to space Therefore, the nodal form factor deviation from unity is assumed to be added to the 
form factor to itself (Eq. 5). Here, the implicit assumption is that there is virtually no 


Fr^+o-E^) (5) 


temperature differences between the nodes. Once Eq. 5 has been performed for all nodes, the 
form factor matrix should be entirely adjusted to unity. However, if this approach results in 
non-conservative modeling, an analogous form factor weighted process to increase form factor 
sums to unity may be applied to particular nodes of interest. Eq. 4 with a sign change would 
be applicable for this process. 

It should be kept in mind that the enclosing nodes represent space. These enclosing surfaces 
may be removed from the GMM, and the form factors to space have been adjusted so that they 
are more rigorous in a global sense. In the form factor matrix normalization process, the 
computational error has been distributed throughout the GMM nodes. Therefore, the individual 
form factors to space do not have all the computational error imbedded in them. 

Implementing the Norm alized Form Factor Matrix 

The GMM can be modified to remove the enclosing nodes. In order to facilitate removal, the 
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enclosing nodes should be specified in a separate BCS. Additionally, the form factor matrix 
must also be modified so that all form factors to or from the enclosing nodes are removed. The 
remaining form factors may be input through the form factor data block. This TRASYS run 
stream in depicted in Fig. 2. Note that an input restart file is not required since an entire form 
factor matrix is entered in the form factor data block. Also, note that the option to initially zero 
the entire form factor matrix is utilized since only non-zero form factors are input. This 
prevents TRASYS from calculating form factors that were known to be zero. 

Figure 2 - Implementation of normalized form factors; italicized text indicates user input 

HEADER OPTIONS DATA 


RSO $ WRITE AN OUTPUT RESTART FILE 


HEADER 


SURFACE DATA 


geometry without enclosing surfaces 

HEADER FORM FACTOR DATA 

FIG model configuration name 

node array 

ZERO $ INITIALLY SETS ENTIRE FA MATRIX TO ZERO 
normalized form factors without enclosing surfaces 

HEADER OPERATIONS DATA 

L FFCAL $ CALL TO FFDATA NOT NEED SINCE HEADER FORM FACTOR DATA USED 

END OF DATA 

Available Computer Codes for Normalization 

A FORTRAN program known as PL-PULL (Ref. 5) has been developed by Rockwell 
International with the capability to normalize a form factor matrix as described above. 

A SAMPLE APPLICATION 

Form factor matrix normalization has been applied in the case of the GLL HGA GMM (Ref. 
6). The hardware configuration is shown in Fig. 3, along with the GMM nodalization. The 
intent of this model is to be able to predict primarily exterior surface temperatures during its 
Venus flyby while in the stowed configuration, but internal components of interest such as the 
DDA and the S-band antenna feed have been also modeled. The TMM generally shares a one- 
to-one correspondence with the GMM with the exception of the ribs which are individually 
distinct and then collapsed into one bulk representation. This type of modeling is valid since 
the S/C is expected to be spinning about the axis of antenna symmetry when the HGA is stowed. 
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Figure 3 - GLL HGA hardware description (left) and model nodalization (right) 


The external node descriptions are given in Table 1 . The antenna is radiatively isolated fromthe 
rest of the S/C with an MLI blanket known as the bus shade. The lower tower is covered with 
MLI blankets as well as the stowed ribs and upper support structure. The radome and PWS 
support structure are covered with a single layer of black Kapton. The LGA is painted with 
white paint. The tip shade is carbon-filled Kapton and is used to provide protection from high 
solar irradiances. It should be noted that the DDA has a significant conductive tie with the S/C 
main body, and the main body is treated as a 25°C boundary temperature. For this sample 
problem, two extreme cases were investigated: 1) a hot case at 0.72 AU (near-Venus), and 2) 
a cold case at 5.0 AU (near-Jupiter). Fig. 3 indicates the direction of the solar flux. The central 
tower region was of great interest thermally, and therefore, an enclosure around this area was 
constructed in the GMM so that a global verification of the form factor calculation could be 
obtained (see Fig. 4). Initially, form factors were computed by using the standard TRASYS 
values in the FFCAL segment. The nodal form factor sums for some of the central tower nodes 
are summarized in Table 2, along with the corresponding form factors to space and absorbed 
solar heating at 1 AU. Afterward, the form factor matrix was normalized. The enclosing the 
open geometry resulted in 20 GMM nodes outside of the acceptable form factor sum range 
between 0.95 and 1 .05. These nodes were recomputed using the Nusselt unit sphere technique, 


Table 1 - GMM Exterior Node Description 


Node Number(s) 

Description 

Exterior Surface 

aje 

1 - 4 

Bus shade, HGA 
side 

Black Kapton 

0.85/0.75 

5 - 11 

Lower Tower 

Black Kapton 

0.85/0.75 

12 

Radome 

Black Kapton 

0.85/0.75 

68, 69 

Upper Support 
Structure 

Black Kapton 

0.85/0.75 

71 - 75 

PWS Support 
Structure 

Black Kapton 

0.85/0.75 

76, 77 

Tip Shade Support 
Structure 

Black Paint 

0.93 /0.87 

78, 79 

Tip Shade 

Caibon-Filled 

Kapton 

0.90/0.81 

80 

LGA 

White Paint 

0.30/0.85 

81, 82 

Tip Shield MLI 

ITO-Coated 

Carbon-Filled 

Kapton 

0.50/0.71 

113 - 118 
150 -153 

Rib MLI 

Black Kapton 

0.85/0.75 
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FORM FACTOR MATRIX NORMALIZATION 
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■ < ■ indicates the value is less than open geometry form factor to space, and ■> ■ indicates the value is greater than the open 
geometry form factor to space 


and following this, all nodal form factor sum 
were within an acceptable range. Next, the 
formfactor sum that exceed unity are reduced 
and then, all the form factor sums are 
adjusted to unity. Lastly, the enclosing nodes 
are removed, and the adjusted form factor 
matrix for the open geometry remains. 
Radiation conductors and absorbed heating 
were calculated. Table 2 summarizes the 
normalization process. Once radiation 
conductors and absorbed heating were 
determined, temperature estimates were 
determined at 0.72 AU and 5.0 AU using the 
thermal model from Ref. 6, and the results 
are given in Table 3. 

Discussion of Results 



Figure 4 - Enclosing geometry for HGA GMM. 
Portions of the tip shade, ribs, and close-out 
removed for clarity. 


A quick glance at the temperature results indicates that the difference between the standard form 
factor calculation and form factor matrix normalization may be as larger as 7°C in the hot case 
and 3°C in the cold case. For the hot case, notice that the temperature of node 7 is warmer for 
form factor normalization when compared with the standard calculation. However, it should be 
also indicated that the temperature of node 72 is cooler when the same comparison is made. 
There is appears to be no apparent trend when comparing temperature differences. However, 
when Table 2 is reviewed for the comparison between the form factor to space, a pattern 
develops. In general, when the form factor to space using form factor normalization is less than 
that of the standard calculation the temperature using the normalization method is greater than 
the corresponding temperature using the standard technique. In addition, the converse appears 
to be generally true. A reduced form factor to space usually implies a warmer nodal 
temperature. However, node 10 is an exception to this generalization, and it seems more 
influenced by the part of the normalization process where form factors are recomputed to obtain 
a nodal form factor sum between 0.95 and 1.05. The initial form factor sum within the 
enclosure was 0.9007 and after recomputation, it was increased to 1.0093. Consequently, this 
may have changed not only the form factor to space, but also other intemodal form factors may 
have increased or decreased. The normalization process does not always reduce the form factor 
to space, but rather, it attempts to distribute the form factor computational error over all the 
nodes. In the process, the analyst strives to verify and revise the form factor calculation in a 
global way. 

The temperature differences in the cold case are less marked than the hot case. At 5.0 AU, the 
environmental heat load is much smaller than at 0.72 AU, and the temperature distribution 
should be driven by the radiation coupling to space. For the most part, the form factor to space 
between the two methods are small, thus leading to only small temperature differences. 
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Table 3 - Hot and Cold Case Temperature Estimates in °C 


Node 

No. 

Open Geometry 

Form Factor Matrix 
Normalization 

AT = T^ 

T_', °C 


Hot 

Cold 

Hot 

Cold 

Hot 

Cold 

1 

-3.2 

-168.4 

-2.2 

-167.9 

1.0 

0.5 

4 

-3.2 

-168.4 

-2.2 

-167.9 

1.0 

0.5 

7 

6.0 

-152.2 

10.1 

-150.4 

4.1 

1.8 

10 

68.1 

-137.7 

65.9 

-138.3 

-2.2 

-0.6 

12 

70.0 

-141.6 

634.1 

-143.3 

-5.9 

-2.0 

69 

64.0 

-143.2 

63.7 

-143.3 

-0.3 

-0.1 

71 

70.3 

-141.4 

72.2 

-140.6 

2.2 

0.8 

72 

69.0 

-99.6 

62.2 

-100.1 

-6.8 

-0.5 

76 

72.2 

-133.2 

68.9 

-136.1 

-3.3 

-2.9 

33 b 

35.7 

-38.8 

35.8 

-38.7 

0.1 

0.1 

65 c 

63.9 

-145.0 

59.4 

-146.2 

-4.5 

-1.2 


Notes: 

• Temperature difference between form factor normalization and standard (open geometry) 
approaches 

b Internal node - DDA 
c Internal node - S-band antenna feed 

Two internal thermal model nodes have been included in Table 3. The DDA (node 33) is 
coupled to a 25°C boundary, and is largely unaffected by normalization. However, the S-band 
antenna feed (node 65) is more responsive to the external radiative environment, and this 
environment can be characterized by node 12 (see Fig. 3). Since the temperature of node 12 
for nor maliza tion is cooler than the standard method, the S-band antenna feed has a similar 
character. 

When dealing with thermal models, the question of uncertainty arises frequently. As inferred 
from the results of this sample case, unverified form factor calculations may cause an uncertainty 
of approximately ±5°C. Unless the thermal design is very forgiving, unverified form factors 
could result in optimistic thermal performance. Therefore, some method of form factor 
validation should be performed, and form factor normalization provides such an avenue. 
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CONCLUSIONS 


A method that may globally verify and revise TRASYS form factor calculations has been 
presented. The primary features of this approach are reducing form factors on a weighed form 
factor basis and adding a self- viewing form factor to adjust nodal form factor sums to unity. 
In comparison to the standard method of determining form factors, this process may result in 
temperatures that may differ by ±5°C. It is recommended that this approach be utilized so that 
form factor computational error would be distributed over the entire geometric model rather than 
any one node. 
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A SIMPLE NODI AND CONDUCTOR DATA GENERATOR FOR 8XNDA 

Ronald R. Got tula 
GENCORP Aerojet 
Azusa, California 


8UMORY 

This paper presents a simple, automated method to generate NODE and 
CONDUCTOR DATA for thermal math models. The method uses personal 
computer spreadsheets to create SINDA inputs. It was developed in order 
to make SINDA modeling less time consuming and serves as an alternative 
to graphical methods. 

Anyone having some experience using a personal computer can easily 
implement this process. The user develops spreadsheets to automatically 
calculate capacitances and conductances based on material properties and 
dimensional data. The necessary node and conductor information is then 
taken from the spreadsheets and automatically arranged into the proper 
format, ready for insertion directly into the SINDA model. 

This technique provides a number of benefits to the SINDA user such as a 
reduction in the number of hand calculations, and an ability to very 
quickly generate a parametric set of NODE and CONDUCTOR DATA blocks . It 
also provides advantages over graphical thermal modeling systems by 
retaining the analyst's complete visibility into the thermal network, 
and by permitting user comments anywhere within the DATA blocks. 


INTRODUCTION 

There continues to be a need to more fully automate thermal modeling. 

As a member of the engineering team, the thermal analyst is being asked 
to perform more comprehensive studies on more complex systems, and to do 
so in less time. 

Over the years, a number of techniques have been developed to make 
thermal modeling more productive. For instance, various computer 
programs have been written for transforming finite element models into 
"equivalent" finite difference models (refs. 1, 2, 3, 4, 5) . Other 
systems avoid finite differences altogether and solve for temperatures 
directly using the finite element formulation (refs. 6, 7, 8, 9, 10). 


83 


However, many thermal analysts do not have access to or training on 
these graphical systems. Recognizing these constraints, a new thermal 
network generator utilizing a personal conputer spreadsheet program was 
devised. 


All that is needed to implement this method is a personal computer, a 
spreadsheet program, a programming language compiler, and a way to 
transfer files from the PC to the computer used to run SINDA. 


NODE DATA GENERATOR 

The first step is to construct a NODE DATA spreadsheet, similar to the 
one in Figure 1, which calculates nodal capacitances. One node is 
defined on each row of the spreadsheet. Each column contains a 
different type of information about the node, such as the node number, 
initial temperature, material properties, and dimensions. The cell in 
the next-to-last column contains an equation which calculates the nodal 
capacitance as a function of the material properties and dimensions. 

The last column contains a comment to be added at the end of that NODE 
DATA record. 

Several rows in the spreadsheet begin with "C" or "C ***". These will 
serve as comment lines in the finished NODE DATA block. 

Some of the cells in the "Area" column have a For these nodes, the 

volume calculation is a product of the thickness, width and length. 

Some of the cells in the "Thickness" and "Width" columns have a 
For these nodes, the volume Calculation is a product of the cross- 
sectional area and length . 

In order to remain consistent with SINDA NODE DATA input codes, 
arithmetic nodes are defined by entering a capacitance value of "-1.0". 
Similarly, boundary and heater nodes are defined by entering negative 
node numbers . 

Once the spreadsheet is completed, it should be written to disk (saved) 
as usual. But before exiting the spreadsheet program, the information 
needs also to be saved in ASCII form so that it can eventually be taken 
to the SINDA model. In Microsoft Excel, for instance, the "Save As..." 
command is used, and the CSV (comma separated values) file format option 
is chosen. This produces a file similar to the one shown in Figure 2. 

The CSV file contains some data that is not useful (nor legal) in the 
SINDA NODE DATA block. Therefore, the user must write a simple FORTRAN 
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"C 1 

or 


or BASIC program which will S2 ZV^T 

DATA in proper SINDA format. A samp e P 

NODE. BAS, is shown in Figure 3. 

. r ev file one line at a time. All lines before 

°c "'.-*iL i «u«rrurL , r^run.»^ y AiiTf ?£. c 

i°Tt^re ^ i= ready to b. in.erted directly into the SINDA model. 


CONDUCTOR DATA GENERATOR 

The CONDUCTOR DATA generator is very similar to the NODE DATA generator. 
An example is shown in Figures 5 through 8. 

calculated using a cross-sectional area rather than a product 
thickness and width . 

Thi. apreadsheet can be used to consolidate a aerie. of “"f u 

n:.: ( r t r; ssrs. J J* ~ . 

=rs£ Jrss s ~ 

equivalent "Final C'tance. 


DI8CU88I0N 

Using spreadsheets to generate NODE and CONDUCTOR MTA provide, a neater 
of advantage, compared to traditional <non-.utomated> and graphical 

methods . 

This method is perhaps as similar to traditional SI®Amcd.ling a. any 

actual NODE* and^CONDUCTOR *“ 

«I“Ltic and heater nodes, negative nod. nnmber, for boundary and 
heater nodes, -dollar sign- comments at the end. of records and a 
in column one for comment lines. Because of these similarities, 
practically any SINDA user can quickly understand and use 
spreadsheets . 
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One productivity advantage is the user's ability to quickly edit 
material properties and dimensions. As any spreadsheet user knows, 
entire columns of entries can be edited very quickly. Parametric 
analysis becomes convenient by rapidly editing and saving an assortment 
of NODE and CONDUCTOR DATA blocks representing a variety of design 
alternatives . Once the node and conductor files are placed into the 
same directory as the SINDA model, the SINDA '85 INCLUDE statement can 
be used to automatically insert these external files into the SINDA 
model as appropriate. 

Another productivity advantage is gained because of the virtual 
elimination of hand calculations . Once the spreadsheets have been 
developed and checked for accuracy, capacitance and conductance updates 
become immediate and remain accurate as design changes are incorporated. 

A great deal of flexibility is possible using the spreadsheets. GEN, 

SIV and other SINDA NODE and CONDUCTOR DATA options may be incorporated. 
Parameters of any type may be included. Very complex equations can be 
defined. For example, a complicated joint conductance equation may be 
entered as a function of parameters such as clamping force, surface 
roughness, etc. 

Another benefit of the spreadsheet method is that the thermal analyst, 
as well as his supervisor and the customer, continue to have full 
visibility into the thermal model network. Most graphical SINDA 
modelers make the computations and assumptions behind the capacitance 
and conductance values (and sometimes even the values themselves) 
transparent to the user. Also, they often use finite element to finite 
difference translations which create "cross conductors" or negative 
conductors. The resulting thermal networks can be difficult for some 
users to understand and scrutinize for validity. 

Unlike most graphical modelers, the spreadsheet method permits a user to 
fully document the NODE and CONDUCTOR DATA since user comments may be 
inserted anywhere in the blocks. 

The spreadsheet method allows a good paper trail to be maintained. 
Archived spreadsheet files and printouts can be kept to retain 
historical information. Most spreadsheet programs have an automatic 
date/time stamp capability. For exanple, the Microsoft Excel function 
"—NOWO" will read the date and time from the PC's internal clock and 
display them in a cell, as shown in Figures 1 and 5. 


CONCLUSION 

An automated method of generating NODE and CONDUCTOR DATA has been 
developed utilizing personal computer spreadsheets. The spreadsheet 
method has a "look and feel" fauniliar to SINDA users, provides relief 
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from hand calculations, allows flexibility in capacitance » nd 
conductance formula definitions, retains visibility -.into the thermal 
network, and permits user comments anywhere in the DATA blocks. 


The spreadsheet method is an attractive alternative to traditional SINDA 
modeling for those thermal analysts who cannot take advantage o 
graphical modelers. 
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[MODE DATA for SIMPA mod%l * SAMPLE. IMP 


This ie spr*adah**t fil* ‘SAMPLE N.XLS"^ 


Nod* 





)Ut*l 


Dtmity 


IUt’1 


Spec Bt 


Thckngi 


C *** 


THE rOLI/WIMO MOPES HERE QBNERATED BT * SAMPLE N . IL8 ' 
OH 12 Jun* 92, 2 1 16 PH _ 


D IMENSIONS ARE FROM CAP MODEL * STRUCTURE* HP 1; 14 1 04 JUNE 92 
srn 5E555S?i 5 idi tSftM IITT.-KDllk-SF. ROOM TEMP 


py imi SIO HS AKB fKW» / -r 

ALUMINUM 2014-T6 PROPERTIES ARE FROM MIL -HOBR-ST/ ROOM 


C ♦♦♦ STRUCTURE NODES 


C *** 


102 

105 


STRUCTURE TORQUE POX 


0.101 


0.109 


0.070 


6.290 


8.170 

8.170 


Capacitance 


“oTonr 


COBMAtl 


108 


109 


112 


152 


155 


158 


159 


162 


30.0 


0.101 


0.109 


0.070 


6.290 


30.0 


0.101 


0.109 


0.070 


4.160 


30.0 


0.101 


0.109 


0.070 


4.160 


8.170 

8.170 


0.0262 


30.0 


0.101 


0.109 


0.070 


7.900 


8.170 


0.0262 

0.0497 


30.0 


0.101 


0.109 


0.070 


6.290 


7.970 


0.0386 


30.0 


0.101 


0.109 


30.0 


0.101 


30.0 


0.101 


0.109 

0.109 


0.070 

0.070 


6.290 


7.970 


0.0386 


4.160 


7.970 


0.0256 


0.070 


4.160 


7.970 


0.0256 


30.0 


0.101 


0.109 


0.070 


7.900 


7.970 


0.0485 


STRUCTURE HALL TRUSSES 


104 


204 


154 


361 


385 


30.0 


30.0 


30.0 


30.0 


30.0 


0.101 


0.101 


0.101 


0.101 


0.101 


0.109 


0.109 


0.090 

0.090 


8.214 


- 1.0 


4.215 


- 1.0 


0.109 


0.090 


16.547 


0.0164 


0.109 


0.109 


0.090 

0.090 


9.300 


■ 1.0 


9.300 


- 1.0 


Figure 1 . NODE DATA Spreadsheet 


NODE DATA for SINDA model ’SAMPLE.INP' 
This is spreadsheet file 'SAMPLE_N.XLS*,,,,,, 


Node,lnit’l,Mat'l,Mat , l„,,„ 

Number, Temp, Density. Spec Ht,Thckr»ss, Width, Area, Length,Capacitance, Comments 


C „ 

C •** THE FOLLOWING NODES WERE GENERATED BY 1 SAMPLEJM.XLS’,,,,,,,,, 

C ### ON 12 June 92, 2:49 PM 

C *** DIMENSIONS ARE FROM CAD MODEL ‘STRUCTURE. MF1 ; 1 4* 04 JUNE 92, 

C ALUMINUM 2014-T6 PROPERTIES ARE FROM MIL-HDBK-5F, ROOM TEMP, 

C,„„„„ 

C STRUCTURE NODES,,,,,,,,, 

C # • * STRUCTURE TORQUE BOX 

1 02.30.0. 0. 101.0.1 09.0.070.6.290,-,8. 1 70,0.0396,$ 

1 05.30.0. 0. 1 01 .0. 1 09.0. 070.6. 290,-,8. 1 70,0.0396,$ 

1 08.30.0. 0. 1 01 .0. 1 09.0.070.4. 1 60,-,8. 1 70,0.0262, $ 

109.30.0. 0.101 . 0.1 09. 0.070. 4. 160,-,8. 170,0.0262,$ 

112.30.0. 0.101 .0.109. 0.070. 7.900, -,8.170, 0.0497,$ 

152. 30.0. 0.1 01. 0.1 09. 0.070. 6.290,-/7.970, 0.0386,$ 

1 55. 30. 0. 0. 101. 0.1 09.0. 070.6. 290,-,7. 970,0.0386,$ 

1 58.30.0. 0. 1 01 .0. 1 09.0.070.4. 1 60,-, 7.970, 0.0256,$ 

1 59.30.0. 0. 1 01 .0. 1 09.0.070.4. 1 60,-,7.970, 0.0256,$ 

162. 30.0. 0.1 01. 0.109.0.070.7.900,-, 7. 970,0.0485,$ 

C„„ 

C **• STRUCTURE WALL TRUSSES,,,,,,,,, 

1 04.30.0. 0. 1 01 .0. 1 09,-,-, 0.090,8.21 4,-1 .0,$ 

204.30.0. 0. 1 01 .0. 1 09, -,-,0.090,4.21 5,-1 .0,$ 

1 54.30.0. 0. 1 01 .0. 1 09,-,-, 0.090, 1 6.547,0.01 64, $ 

361. 30.0. 0.101. 0.109, -,-,0.090,9.300, -1.0,$ 

385.30.0. 0. 1 01 .0.1 09, -,-,0.090,9.300,-1 .0,$ 

C,,,, , ,,,, 

c 


Figure 2. NODE DATA CSV File 
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' NODE. BAS Compiled using Borland TurboBASIC 


Y - INSTR(COMMAND$," *} 

INFILE* - LEFT*(COMMAND$,Y-1) 

OUTFILE$ - RIGHT$(COMMAND*,LEN(COMMAND$)-Y) 
OPEN INFILE* FOR INPUT AS #1 
OPEN OUTFILE* FOR OUTPUT AS #2 

20 INPUT #1, AS 
IF EOF(I) THEN STOP 

IF A$ - *C* OR LEFT*(A*,5) - 'C •*** THEN 
PRINT #2, A$ 

GOTO 30 
ELSE 

GOTO 20 
END IF 

30 INPUT #1, A$ 

IF EOF(I) THEN STOP 
IF LEN(A$) - 0 THEN GOTO 30 
IF A$ ■= *C* OR LEFT*(A*,5) - *C THEN 
PRINT #2, A$ 

GOTO 30 
END IF 

INPUT #1, B$, C$, D$, E$, F$, G$, H*, 1$, J* 

IF EOF( 1) THEN STOP 

A$ - STRING*(14-LEN(A*),’ ") + A$ + V 
B - INTIVALIBS)} 

B1 $ = STR*(B) 

IF LEN(BS) - LEN(BU) < 2 THEN 
B$ = STRING *{12-LEN(B1 *),’ ’) + B1$ + ’.0,’ 

ELSE 

B$ = STRING*(12-LEN(B1*I," ’) + B* + V 
END IF 

I - INT(VAL(I*)1 
I1$-STR$(I) 

IF I > 9 THEN 

1$ = 1$ + STRING*(27-<LEN|I*)-LEN(I1*)-1),’ ’I 
ELSE 

|$ -■• + !$ + STRING*(27-(LEN{I*)-LEN(I1 *) 

END IF 

IF LEFT*(J*,1) = ■»' THEN 
JS * LEFT*(J*,12) 

ELSE 

J$ = •* * + LEFT*(J*,10I 
END IF 

PRINT #2, A$; B*; 1$; J* 

GOTO 30 
STOP 


Figure 3. NODE. BAS 


c 

c *** 
c *** 
c *** 
c *** 
c 

c *** 
c *** 


c 

c *** 


c 

c 


THE FOLLOWING NODES WERE GENERATED BY r SAMPLE_N . XLS ' 

ON 12 June 92, 2:49 PM 

DIMENSIONS ARE FROM CAD MODEL ' STRUCTURE . MF1 ; 1 4 r 04 JUNE 92 
ALUMINUM 2014-T6 PROPERTIES ARE FROM MIL-HDBK-5F , ROOM TEMP 

STRUCTURE NODES 
STRUCTURE TORQUE BOX 


102, 

30.0, 

0.0396 

$ 

105, 

30.0, 

0.0396 

$ 

108, 

30.0, 

0.0262 

$ 

109, 

30.0, 

0.0262 

$ 

112, 

30.0, 

0.0497 

$ 

152, 

30.0, 

0.0386 

$ 

155, 

30.0, 

0.0386 

$ 

158, 

30.0, 

0.0256 

$ 

159, 

30.0, 

0.0256 

$ 

162, 

30.0, 

0.0485 

$ 


STRUCTURE WALL TRUSSES 


104, 

30.0, 

-1.0 

$ 

204, 

30.0, 

-1.0 

$ 

154, 

30.0, 

0.0164 

$ 

361, 

30.0, 

-1.0 

$ 

385, 

30.0, 

-1.0 

$ 


Figure 4. Final NODE DATA Block 






H HI 



Ixhis is spreadsheet file 'SAMPLE C .XLS * 



















Coed 



sssa 

Thick- 





Joint 

Final 



■yi 


BSSl 

ness 

Width 


tance 

Fasteners 

C* tance 



C 






1 


_ 






nszigzmasisiiiEsnjaii 


SHI 


if 

■ 

■ ■ 



■ 

■ 

■1 


■1 

■ 

■ 

■ ■ 

C *** DIMENSIONS ARE 

FROM CAD MODEL 

1 STRUCTURE. HP 1; 14 * 

04 JUNE 92 






1 wn^ [ggTTtg OE35235 rf-TSTT-SV.!.; ; ■ [ j 4 C : ■ 0 ■! .C-j JS :ES 


■ 












1C *** STRUCTURE CONDUCTORS 









r «- j j i it > i ■ - i m-r.rr.wja !■> » 









1 

102 

105 

3.96 

0.070 

6.180 

4.070 

0.421 

- 

- 

0.421 

$ 

3 



3.96 

0.070 

6.180 

4.070 

0.421 

- 

- 

0.421 

i 

5 



3.96 

0.070 

8.140 

3.090 

0.730 

- 

- 

0.730 

n ■ 

7 


112 

3.96 

0.070 

8.140 



- 

- 

0.730 

m m 

9 

112 

152 

3.96 

0.070 

6.180 



- 

- 

0.421 


11 

112 

155 

3.96 

0.070 

6.180 

4.070 

0.421 

- 

- 

0.421 

i 

13 


158 

3.96 

0.070 

8.140 

3.090 

0.730 

- 

- 

0.730 

rm m 

15 



3.96 

0.070 

8.140 

3.090 

0.730 

- 

- 

0.730 


17 



3.96 

0.070 

4.110 



- 

- 

0.280 

rfi ■ 

19 



3.96 

0.070 

4.110 



2 

0.5 

0.179 

s 

C *** 1 


t£ NALL 

TRUSSES 









51 

104 

204 

3.96 

- 

0.490 

4.360 

0.445 

- 

- 

0.445 

1_ 

53 



3.96 

- 

0.490 

4.360 

0.445 

- 

- 

0.445 

$ 

55 

154 

IKEBB 

3.96 

- 

0.490 

4.150 

0.468 

- 

- 

0.468 

9 | 

57 

361 


3.96 

- 

0.090 

4.860 

0.073 

- 

- 

0.073 

ni ■ 

59 

385 

104 

3.96 

- 

0.090 

4.880 

0.073 

- 

- 

0.073 

(9 ■ 

C 












c 













Figure 5. CONDUCTOR DATA Spreadsheet 
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CONDUCTOR DATA for SINDA model ’SAMPLE.INP' 
This is spreadsheet file 'SAMPLE_C.XLS',,,,, ...... 


Cond.Node, Node, Cond-,Thick-,„Conduc-, Number, Joint, Final, 

Number,i,j,tivitv,ness,Width,Lenoth,tar>ce,Fasteners,C , tance,C tance.Comments 


FOLLOWING CONDUCTORS WERE GENERATED BY 'SAMPLE_C.XLS',,, 

ON 15 June 92, 3:16PM,„„ „«m 

DIMENSIONS ARE FROM CAD MODEL 'STRUCTURE.MF1;14 04 JVNE & 2,, 
»•« ALUMINUM 2014-T6 PROPERTIES ARE FROM MIL-HDBK-5F, ROOM TEMP,, 


STRUCTURE CONDUCTORS „„„ 

STRUCTURE TORQUE BOX 

1 . 1 02. 1 05.3.96.0. 070.6.1 80.4.070.0.42 1 , ,-,-,0.421 ,4 

3. 102. 108. 3.96. 0. 070.6.1 80.4.070. 0.421, -,-,0.421, 4 

5. 1 02. 1 09.3.96.0. 070.8. 1 40.3.090.0.730,-,-, 0.730,4„„.,„ 

7.102. 11 2.3.96.0. 070.8.1 40.3.090.0.730,-, -,0.730,4„„..„ 

9.1 12. 152.3.96. 0. 070.6. 180.4.070.0.421, ,-,-,0.421,4,,, 

11.11 2.1 55.3.96.0. 070.6. 1 80.4.070.0.421, ,-,-,0.421 ,4 

13 11 2, 158, 3. 96, 0.070,8. 140,3. 090,0. 730,-,-.0.730,4„„„ 

15.1 12.1 59. 3.96.0. 070.8.140. 3.090. 0.730,-,-,0.730, 4 

1 7. 1 59. 1 62.3.96.0. 070.4. 1 1 0.4.070.0.280,-, -, 0.280, 4„,„. 

19.162.102.3.96.0. 070.4.110.4.070.0.280.2.0.5.0.179.4, 
C *** STRUCTURE WALL TRUSSES,,,,,,,,,,,,,,,,,,,,,,,,..,...,.. 

51. 104.204.3. 96, -, 0.490, 4.360,0.445, -,-,0.445,4„„„„„„, 

53.204. 1 54. 3.96, -, 0.490,4.360, 0.445,-,-,0.445,4„„„„,.„. 

55. 154.361. 3.96, -,0.490, 4.1 50,0.468,-,-, 0.468,4„„,„„..., 

57.361 .385.3.96, -,0.090.4.880,0.073,-,-, 0.073,4,., 

59.385. 1 04.3.96, -,0.090,4.880,0.073,-,-,0.073,4,„„ 

c „„„„ 

C - 


Figure 6. CONDUCTOR DATA CSV File 
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’ CONDUCT.BAS Compiled using Borland TurboBASIC 


Y - INSTR(COMMANDS," *> 

INFILE$ - LEFTS !CO M M AN DS,Y-1) 

OUTRLES * RIGHT $ (COMM AND$,LEN(COMM ANDS)-Y) 

OPEN INFILES FOR INPUT AS #1 
OPEN OUTFILES FOR OUTPUT AS #2 

20 INPUT #1, AS 
IF EOFI1) THEN STOP 

IF AS - "C" OR LEFT$(A$,5) = "C •••* THEN 
PRINT #2, AS 
GOTO 30 
ELSE 

GOTO 20 
END IF 

30 INPUT #1, AS 
IF EOF(1) THEN STOP 
IF LEN(AS) = 0 THEN GOTO 30 

IF AS « -C* OR LEFT${A$,5) = "C ***’ THEN 
PRINT 02, AS 
GOTO 30 
END IF 

INPUT #1, BS, CS, DS, E$, F$, GS. H$, IS, J$, KS, LS 
IF E0F{1) THEN STOP 

AS = STRING$(14-LEN(A$)/ *} + AS + V 

BS *= STRINGS!! 1-LENCBS)," + B$ + V 

C$ - STRING S(7-LEN!CS)/ ") + C$ + V 

K - INT(VAUKS)) 

K1 S = STRS{K| 

KS = STRINGS(7-LEN(K1S)," ■) + K$ + STRING$(!8-(LEN(K$)-LEN<K1 $>-!),’ *) 

IF LEFT${LS,1 } = •$- THEN 
LS = LEFT$(L$,12) 

ELSE 

L$ » *$ " + LEFTS{LS # 10) 

END IF 


PRINT 02, AS; BS; CS; KS; LS 

GOTO 30 
STOP 


Figure 7. CONDUCT.BAS 
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o o 


c 

c 

c 

c 

c 

c 

c 

c 


c 


*** THE following conductors were GENERATED BY 'SAMPLE_C.XLS' 
III DMSXOm !» Ikl* Sd MODEL ' STRUCTURE 

*** ALUMINUM 2014-T6 PROPERTIES ARE FROM MIL-HDBK-5F, ROOM TEMP 


*** STRUCTURE 

CONDUCTORS 



*** STRUCTURE 

TORQUE BOX 



1, 

102, 

105, 

0.421 

3 , 

102, 

108, 

0.421 

5 • 

102, 

109, 

0.730 

7, 

102, 

112, 

0.730 

9, 

112, 

152, 

0.421 

Hf 

112, 

155, 

0.421 

13, 

112, 

158, 

0.730 

15, 

112, 

159, 

0.730 

17, 

159, 

162, 

0.280 

19, 

162, 

102, 

0.179 

*** STRUCTURE 

WALL TRUSSES 



51, 

104, 

204, 

0 . 445 

53, 

204, 

154, 

0.445 

55, 

154, 

361, 

0.468 

57, 

361, 

385, 

0.073 

59, 

385, 

104, 

0.073 


Figure 8 . Final CONDUCTOR DATA Block 
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Development Status of SINDA/FLUINT and SINAPS 

Brent A. Cullimore and Steven Q. Ring 
Martin Marietta Astronautics Group 
Denver, Colorado 

Eugene K. Ungar 
NASA Johnson Space Center 
Houston, Texas 


Summary 

SINDA/FLUINT (Systems Improved Numerical Differencing Analyzer / Fluid Integrator, 
formerly SINDA ’85) is a computer code used to analyze thermal/fluid systems that can e 
represented in lumped parameter form. In addition to conduction and radiation heat trans- 
fer, the code is capable of modeling both single- and two-phase flow networks, then- 
associated hardware, and their heat transfer processes. In this paper, recent improvements 
to SINDA/FLUINT are described, as are those in progress that will be available in the fall ot 
1992 in Version 2.5. Also, a preview of planned enhancements is provided. This paper also 
introduces SINAPS (SINDA Application Programming System), a powerful graphical pre- 
and postprocessor that will also be available in the fall of 1992. 

Background 

Evolving spacecraft thermal control technology is increasingly utilizing two-phase fluid 
systems to accomplish waste heat acquisition, transport, and rejection. In the case of the 
Space Station Freedom, the high heat rejection requirement of 82.2 kW and the typical hea 
transport distances of over 100 feet made a two-phase thermal control system the only ratio- 
nal choice. A conventional heat pipe or single-phase fluid loop thermal control system, sue 
as have been used in previous US spacecraft, would have had unacceptable weight and power 
penalties. The heat rejection requirements will be even higher and the transport distances 
will be even longer for lunar and planetary base applications, again forcing the use of two- 
phase thermal control systems for those missions. 

The introduction of two-phase active thermal control systems required a quantum leap in 
the development of thermal control technology. A similar development effort was required for 
the analytical tools for modeling such systems. Previously, there was no single computer tool 
that was suitable for analyzing spacecraft two-phase systems and components, especially 
when the requirement was levied to integrate such analyses with vehicle-level simulation 
tools such as SINDA and TRASYS (Thermal Radiation Analysis System). Typically, two- 
phase systems and components were analyzed by generating application-unique mathemati- 
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cal modeling equations that were then incorporated into numerical solution computer pro- 
grams. This method of analysis caused much duplication of effort and hindered the transfer 
of thermal math models and their ability to be modified by other analysts. 

Therefore, in the mid 1980’s NASA Johnson Space Center (JSC) launched an effort to de- 
velop a desi gn simulation tool that was well suited to modeling two— phase systems for space 
applications. An effort was already nearing completion at NASA JSC which brought the 1972 
version of SINDA up to modem standards, completely reworking it and adding submodels 
anH other capabilities that enhance model integration and exchange. The result of that mod- 
ernization, called SINDA ’85, was used as a starting point for the addition of the new fluid 
analysis capabilities. The final product, SENDA/FLUINT, is a quantum leap above the older 
versions of SINDA, featuring a comprehensive single- and two-phase, steady and transient 
fluid analysis package (FLUINT) that works together with traditional SINDA thermal net- 
works to solve arbitrarily complex thermal/fluid problems. Version 2.3, released in early 
1990, has become the most commonly used tool for analysis of fluid flow and heat transfer in 
space-based systems, and has spread to other specialties (propulsion, environmental control) 
and even other industries (energy, aircraft, automotive, and architectural) because of its gen- 
erality, analytic power, transportability, and ability to be customized. In 1991, SINDA/ 
FLUINT was awarded the NASA Space Act Award. 

SINDA/FLUINT has been continually updated and enhanced since its first release in the 
late 1980’s. The improvements have made the code even more general in scope, better able to 
handle different and more difficult problems, and more efficient in its use of computer time. 
References 1,2, and 3 describe the capabilities of Version 2.3, which is available through COS- 
MIC, NASA’s software distributor. In this paper, the capabilities of the current NASA version 
(Version 2.4) are described, as well as the work currently being completed by Martin Marietta 
on Version 2.5, which will be available in the fall of 1992. Improvements planned for future 
versions are also described. 

In 1990, NASA JSC initiated an effort to provide a modem graphical pre- and postproces- 
sor for SINDA/FLUINT. Martin Marietta is currently completing the result of this effort: 
SIN APS, a powerful graphical interface that will be available in the fall of 1992. SINAPS 
provides a means for graphically building and maintaining SINDA/FLUINT models, and dis- 
playing the results on the sketch the user has created. In this paper, the capabilities of 
SINAPS are detailed. 


SINDA/FLUINT Enhancements 

Almost all work since 1985 has focused on the continuing development and expansion of 
the fluid analysis capabilities; only relatively minor improvements have been made to the 
thermal analysis code. This section lists and describes the major advances in the FLUINT 
portion of the code. 
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There has been a steady accrual of relatively minor expansions and corrections over the 
years. While collectively these improvements have added significantly to the speed, uti 1 y, 
and ruggedness of the code, they are too numerous and detailed to be described m this paper. 
Suffice it to say that few users regret the effort required to update their version even if the 
latest round of major improvements was not directly of interest to them. 


Version 2.4 Enhancements 


The primary goal of Version 2.4, completed in December 1991 and documented m Refer- 
ence 4 was to enable the user to selectively avoid the assumption of homogeneous two-phase 
flow and to use instead a slip flow formulation. To achieve this goal, various important fea- 
tures had to be added to the code in preparation for the addition of slip flow modelmg, sue as 
flow regime mapping. The ability to discern basic flow regimes and to calculate the frictional 
pressure drop accordingly can be used independently of the slip flow options. Flow regime 
mapping options are described first, followed by slip flow modeling options. 


Flow Regime Mapping Options — Packaged as an optional pressure drop ‘correlation, the 
user may elect to have a simplified two-phase flow regime predicted for duct segments, with 
the pressure gradient estimated on the basis of that regime. Output routines have been modi- 
fied to print the current flow regime if this option is used and the flow is two-phase. Instead, if 
the flow is single-phase, the Reynolds number is printed instead. 


Four generalized (simplified) regimes are recognized, as illustrated in Figure 1: bubbly, 

slug annular, and stratified. The first two are considered ‘dispersed,’ and the latter two ‘sepa- 
rated.’ The distinction between regimes is based (1 ) on the liquid and vapor mass fluxes, ( ) on 
the void fraction, (3) on the hydraulic diameter of the line — assumed nearly circular, (4) on 
the magnitude of a body force (or acceleration) vector and its orientation with respect to the 
duct, (6) on fluid properties such as densities, viscosities, and surface tension, and (6) in the 
event no clear determination can be made, on previous flow regimes (i.e., regime boundaries 
exhibit hysteresis). Flow regime mapping methods identified in Reference 5 were used exten- 
sively, although neither exactly nor exclusively. 


Bubbly flow occurs at the extremes of low gravities, high liquid mass fluxes compared to 
the vapor flux, and low void fractions (less than about 0.46), and is characterized by small 
vapor bubbles entrained in liquid. If the bubbles coalesce due to increased accelerations, de- 
creased liquid mass flux, or increased void fraction, then the slug flow regime will appear. The 
slug flow regime exhibits large bubbles that nearly span the diameter of the tube, but which 
are axially separated from each other by liquid. Both the slug and bubbly flow regimes are 
characterized by relatively little slip flow, approaching true homogeneous flow. In both cases, 
predicted pressure drops are based on the McAdam’s formulation for homogeneous flow. 
These two regimes are therefore identical for homogeneous passages, but they behave differ- 
ently if slip flow is modeled, as described later. 
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Figure 1 — Simplified Two-Phase Flow Regimes 

The annular regime may result if the void fraction continues to grow (above about 0.76), or 
if the liquid flows downhill, or if there is high enough vapor flux to sustain the uphill flow of 
liquid. This regime is characterized by a continuous vapor core surrounded and ‘lubricated’ 
by a continuous liquid annulus. In most two-phase systems, annular is by far the most com- 
mon regime. When the regime is determined to be annular, the Lockhartr-Martinelli correla- 
tion is used. 

The stratified regime, characterized by liquid pooling in the bottom of the tube, results if 
either the vapor mass flux or the liquid fraction is low enough, or the gravity high enough (and 
the flow is not vertically upward). The stratified regime cannot exist in microgravity. The 
methods used to predict pressure gradient involve predicting the height of liquid and the frac- 
tions of each phase in contact with the wall, assuming a circular cross section (per the method 
of Taitel and Dukler). Unfortunately, this model is highly sensitive to void fraction, and be- 
cause the stratified regime typically exhibits the greatest degree of slip, the error in a homoge- 
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neous approximation to void fraction can be significant. In other words, pressure drops in the 
stratified regime are suspect if the default homogeneous options are used. Typically, a homo- 
geneous assumption results in overestimation of pressure drop for stratified flow, whereas if 
slip flow is modeled as described next, the predicted pressure drop is usually lower than that 
of all other regimes for the same flow quality. 

Slip Flow Modeling Options— By default, a homogeneous assumption is applied in all flow 
passages, meaning that the vapor velocities and the liquid velocities are assumed equal, there 
is zero relative velocity or slip . With the homogeneous approximation, two-phase flow is mod- 
eled as the flow of a mixture of both phases — one momentum equation describes the entire 
duct segment. This assumption is usually adequate and is both simple to implement and fast 
to execute. Because of this assumption, there is no difference between thermodynamic quali- 
ty and flow quality. Thermodynamic quality is the fraction of vapor mass within a segment 
divided by the total mass in that segment. Flow quality is the ratio of vapor mass flowrate 
through a segment divided by the total mass flowrate through that segment. 

In reality, vapor usually moves faster than liquid, and sometimes even in opposite direc- 
tions. A slip flow formulation takes this into account, using one momentum equation per 
phase. Slip flow options may be applied to any FLUINT duct segment; the homogeneous 
approximation is retained for pumps, valves, capillary devices, etc. 

Unlike homogeneous flow, with slip flow the thermodynamic quality is no longer the same 
as the flow quality. Conservation of mass dictates that flow quality must be the same (eventu- 
ally) whether a homogeneous or slip flow formulation is used. However, the thermodynamic 
quality is no longer constrained by the homogeneous assumption: it becomes the new degree 
of freedom necessary to accommodate a new momentum equation. In other words, the ther- 
modynamic quality and its manifestations, such as density and void fraction, will vary as 
needed to balance the flow forces. Because vapor generally travels faster than liquid, the pre- 
dicted void fraction will be smaller with slip flow than with homogeneous flow at the same flow 
quality. In other words, more liquid will reside in the line, and the thermodynamic quality 
will be smaller than the flow quality as depicted in Figure 2 for the stratified regime. 

Because most pressure drop and heat transfer correlations are based on flow quality, slip 
flow and homogeneous formulations predict almost the same steady state as long as flow is 
cocurrent; the local homogeneous assumption does not affect the overall pressure drop and 
heat transfer rates. The major difference is the proportion of liquid and vapor in lines. For 
example, in annular flow a slip formulation predicts typically three to four times as much liq- 
uid will reside in a pipe compared to a homogeneous prediction. Of course, thi6 amount is 
am nil to begin with, and so quoting a factor of three to four might be misleading. 

In transients, the differences can be more dramatic, especially for separated flow regimes 
where vapor can shift quickly and liquid lags ^behind. As a specific example, a SIND A/ 
FLUINT model was developed to predict the time it takes to clear a small tube of liquid by 
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Figure 2 — Homogeneous versus Slip Row in Stratified Regime at Same Row Quality 

heating it, noting that much more liquid is displaced by generated vapor than is actually 
evaporated. The default homogeneous assumption resulted in a prediction of 8 seconds to 
clear the line, whereas allowing slip flow in the same model nearly doubled the duration of the 
liquid purge event. Since annular flow was quickly established, slip flow allowed the vapor to 
escape the tube without displacing as much liquid in the process. 

This extra degree of modeling power does not come without its price. In addition to greater 
solution expense, a new layer of uncertainties is revealed. New parameters must be esti- 
mated, including (1) the frictional drag between phases, (2) the degree of sharing of inertia, 
also called added mass and virtual mass, (3) the apportionment of wall friction to each phase, 
and (4) the momentum transfer associated with phase change. By default, FLUINT will esti- 
mate such factors automatically, which requires knowing the flow regime. Hence, flow regime 
mapping options are defaulted when specifying slip flow. Alternately, like almost all other 
SINDA/FLUINT options, knowledgeable users can calculate their own coefficients. 

Other Improvements — A wide variety of improvements have been implemented to help 
speed up models utilizing time-dependent fluid elements (called tanks and tubes in FLUINT) 
where two— phase flow exist. In general, integrations are smoother, more accurate, and can 
take larger time steps. Various other improvements have been made in time step predictions, 
reduced numbers of properties calls, etc., that resulted in speed improvements averaging 
about 25%. 

Also, new simulation options were added to help the user model the mixing of perfect 
gases, stationary noncondensible gas bubbles, and bellows accumulators. This last option 
has been applied to other situations requiring two control volumes to share the same physical 
boundary without exchanging mass. 

Because Version 2.5 is to be completed only nine months after 2.4, it was decided that Ver- 
sion 2.4 would be distributed only to NASA centers and Space Station Freedom contractors, 
and that the next release to COSMIC, who serves a much wider audience, would be delayed 
until Version 2.5 was completed and tested. 
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V 


Version 2.5 Enhancements 

Three independent improvements have been made in the test version ofSINDA^LIWT 
Version 2.5, which is scheduled to be officially delivered to NASA JSC m September 199 . 

Fast Tabular Fluid Descriptions— It has long been known that one of the significant cost 
drivers in the solution of fluid is the detail and range of fluid property descriptions. Speed 
increases can be gained by restricting the description (e.g., providing a liquid-nmly descrip- 
tion) or by simplifying it (e.g., pseudo-perfect vapor equation of state). Also relevant is the 
fact that ammonia is the most common fluid for two-phase spacecraft thermal management 
systems. Thus, a new description of ammonia was created that didn’t compromise accuracy 
over the range of temperatures of interest to spacecraft systems, yet runs twice as fest as the 
builtr-in ammonia description. This new description uses tabular look-ups, whereas other 
descriptions describe properties functionally. Once such methods were developed for ammo- 
nia, other analogous descriptions were quickly generated for other fluids including hydrogen, 
nitrogen, oxygen, argon, and ethane. 

Single-Phase Heat Transfer with Coarse Discretization— FLUINT slightly underesti- 
mates heat transfer for coarsely discretized single-phase lines. This results from assuming 
an average wall state and an average fluid state over each segment. While such treatment is 
consistent with the rest of the finite difference (lumped parameter) approximation, which de- 
mands nodalization adequate to resolve gradients, it often conflicts with the way many engi- 
neers treat a single-phase heat transfer problem: as a constant wall temperature over a seg- 
ment that has distinct inlet and outlet states. As a result, new heat transfer options have 
been added to allow such models. For single-phase flows, the predictions are equivalent to a 
log mean temperature difference (LMTD) solution. 

Figure 3 shows how the new methods improve results and/or enable smaller models while 
yielding the same answers. Comparisons with closed-form solutions are made for this tran- 
sient thermal/hydraulic analysis of a water pipe with varying inlet temperature and constant 
wall temperature (Reference 2). Tb obtain results that are indistinguishable from the closed- 
form solution, only five control volumes are needed with the LMTD methods compared with 
twenty for the default downstream-weighted method. Still, the results using traditional 
methods are good even with only five control volumes. Furthermore, in models of real sys- 
tems, where gradients in wall temperature or other properties dominate, the differences are 
usually negligible. 

Speeds of Sound and Choking Detection—' The user’s ability to detect sonic limits was en- 
hanced by providing program options that detect choking in all or portions of a model. The 
liquid phase remains incompressible, although compressibilities and compressed liquid den- 
sities may be calculated and used in concurrent logic, perhaps to calculate effective com- 
pliances of control volume walls, or to measure the appropriateness of mi incompressible as- 
sumption. Other by-products include two-phase speed-of-sound routines. 
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Figure 3 — Comparison of FLUINT Predictions with Closed -form Solution 


Other Improvements — Several relatively minor improvements were made in addition to 
the major thrusts of Version 2.5. These include (1) the addition of K— factors (head los6 factors) 
to duct models, eliminating the need for separate elements to include entrance, bend, and exit 
losses; (2) the option of using a crash tile in addition to normal restart and parametric run 
options, saving a snapshot of the simulation as often as desired without running out of disk 
space, (3) reduced memory requirements (matrix inversion work space) for large models, and 
(4) various internal improvements in time step predictions and slip flow options. 

Future Enhancements 

Improvements Planned for Version 2.6 — FLUINT uses a firsti-order implicit time step in- 
tegration that is performed in parallel with whatever method is used to integrate the thermal 
networks. Heat rates between thermal and fluid models are held constant to conserve energy. 
If all property domains and derivatives, friction coefficients, heat rates, etc. truly remain 
constant over the time interval, then the solution is fully implicit and an arbitrarily large time 
step can be taken. Since these parameters in fact often vary, a best estimate is made of the 
time step that can be made without excessive changes in such parameters. 
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Extensive logic is employed to estimate this time step and to check 
against the previous step. While this feedback method successfully avoids 
too small (from the mathematical standpoint if not from the user s standpomt). the Mdy way 
to be absolutely sure that this estimated time step is not too big is to proceed to 
equations and solve for the next network state. If unforeseen changes in operating r*pmes. 
boundary conditions, or other parameters are excessive, then at best excessive error 
been generated. At worst, the solution will fail or find a spurious answer such as negative 
masses in control volumes, or excursions beyond fluid property limits. 

In FLUINT, the selected strategy is to spend about 10* to 20* of the cost per solution to 
make a good and somewhat conservative estimate of the time step. The program ^ 

back up and try again if the time step is too big, which fortunately rarely happens. This strat- 
egy avoids spLlndmemory penalties associated with the ability to store 
vious states as well as the problem of trying to measure the generated error and then deci 
whaterroris acceptable. A strategy taken in other codes is to take a user-input time step, and 
then solve iteratively (typically on the order often iterations per time step, each 
of one FLUINT time step) for the final state. Instead of predicting time steps, the challenge 
becomes how to converge efficiently on a perhaps elusive final state. 

The main thrust of Version 2.6 will be to investigate methods for detecting excessive time 
steps and correcting them , either by backing up and reducing time steps or by iteratively cor- 
recting the solution. 

Potential Areas for Future Expansions— Several areas of potential growth have been iden- 
tified for which no firm development plans exist. These include: (1) full range fluid descrip- 
tions with compressible liquid phases that avoid the current discontinuity between saturated 
liquid and supercritical fluid when the thermodynamic path does not pass through the dome; 
(2) optionally avoiding the assumption of thermal equilibrium between phases inside of ducts 
(some limited nonequilibrium capabilities already exist); (3) nonreacting mixture 8 of « ub ' 
stances, especially noncondensible gas phase, air/water systems; (4) higher fidelity capillary 
models including pore size distributions, wetting hysteresis, partial deprune and liquid reces- 
sion in the wick; and (6) thermal matrix inversion methods as alternatives to the current it- 
erative closure methods. 


SINAPS: SINDA Application Programming System 

SINDA/FLUINT, like its predecessors, frees the user from the constraints of real geome- 
try: the model may be limited to a certain volume of material (akin to finite element modeling, 
or FEM), or it can incorporate a complete vehicle (unlike a finite element approach). The price 
for this flexibility has been the lack of graphical input and associated postprocessing power, 
which would help not only in model validation and maintenance, but also in visualization and 

reporting of results. 
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Translations to and from solid modeling programs and FEM codes have represented a par- 
tial solution for 6ome component design analyses. No analogous capability was present for 
system-level analyses, or for problems that are intractable with a finite element approach but 
are amenable to a lumped parameter approach. While postprocessing programs exist to gen- 
erate X-Y plots of SINDA/FLUINT results, analysts normally communicate with the pro- 
gram via ASCII files. As models grow, the potential for modeling errors or misinterpreted re- 
sults also grows. (Anecdotally, one small model — a standard sample problem that has been 
reviewed by many analysts — was found to contain a slight error when rebuilt using SIN APS.) 

Nevertheless, hand drawn schematics of SINDA/FLUINT networks are often used to doc- 
ument models in reports and facsimile transmissions. If analysts are able to communicate 
with each other via such ‘artificial’ geometry, then it was reasoned they should be able to com- 
municate with the program via similar 2D sketches. After all, similar computer aided engi- 
neering packages exist in the electrical design community. Thus, in 1990, NASA JSC initi- 
ated an effort to provide a modem graphical pre- and postprocessor for SINDA/FLUINT. 

SIN APS is an advanced new companion program to SINDA/FLUINT that enables users to 
graphically sketch their models using a mouse- and menu-driven user interface. F orms and 
editing windows exist to satisfy other nongraphic SINDA/FLUINT input requirements. 
SIN APS then produces complete SINDA/FLUINT ASCII input files, and imports binary out- 
put files that were perhaps produced on other machines. This enables graphical display of 
predictions on the same schematic used to create inputs. In addition to pop-up X-Y, polar, and 
bar plot6, features such as “color by flowrate,” “thicken by conductance,” and “shade by tem- 
perature” are supported. Figures 4 and 6 present two sample SINAPS screen images (in black 
and white for reproduction) that depict some of the features available. 

SINAPS is intended to become a complete, modem front-end to SINDA/FLUINT, elimi- 
nating the need to communicate via ASCII input and output files. In fact, it contains many 
powerful features that are unavailable in the basic SINDA/FLUINT system, such as algebra- 
ic inputs, shared models, customized components, etc. Tb assist current SINDA/FLUINT us- 
ers in the transition to SINAPS, it will accept existing ASCII input files, and will work inter- 
actively with the user to produce a graphical depiction of that model. 

SINAPS is transportable. It was developed simultaneously on a Macintosh II and a SUN 
SPARCstation, and can be rehosted on most other workstations, operating systems, and win- 
dowing systems. Perhaps more importantly, a SINDA/FLUINT model (and its graphical de- 
piction) built using SINAPS can be easily moved from one type of machine to another, allow- 
ing analysts to build models on whatever machines are available, even if that availability 
changes from day to day. Combining this feature with the fact that SINAPS and SIND A/ 
FLUENT need not reside on the same machine gives the analyst tremendous flexibility. 

SINAPS will be available in the fall of 1992, and will correspond to SINDA/FLUINT Ver- 
sion 2.5. 
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Figure 4 - Sample SINAPS Screen: CapBary Pump Loop Start-up Transient 
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SUMMARY 

The approach to thermal analysis described by this paper is a 
technique that incorporates Computer Aided Design (CAD) and Computer 
Aided Engineering (CAE) to develop a thermal model that has. me 
advantages of Finite Element Methods (FEM) without abandoning the unique 
advantages of Finite Difference Methods (FDM) in the analysis of therma 
systems The incorporation of existing CAD geometry, the powerful use of 
a pre and post processor and the ability to do interdisciplinary analysis, 

will be described. 


INTRODUCTION 

Since the birth of the Chrysler Improved Numerical Differencing 
Analyzer (CINDA), a tool widely used in the aerospace industry, many 
improvements to the code have been made. Lately, the advances have been 
dramatic, starting with the rewrite of the Systems Improved Numerica 
Analyzer (SINDA) to what is now known as SINDA ‘85, t0 the addrtion of 
fluid analysis and the creation of a graphical interface, SINDA Application 
Programming System (SINAPS). Most of the progress has concentrated 
around the Finite Differencing methods, with very slow progress in the 
graphical end of the analysis. 
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Computer aided Engineering (CAE) have revolutionized the analytical 
world. Most of the advances have taken place in the field of Finite 
Element Methods (FEM). FEM, an ideal tool for structural analysis, is not 
well suited for thermal analysis yet, specially, when the problem is 
radiation dominated . FDM because of its particular characteristics to 
handle nonlinear systems, has been the method of preference in the 
analysis of thermal systems. The advantages of CAE created an interest 
in the thermal analysis discipline that gave way to translators that can 
convert FEM format to FDM format, thus creating a unique opportunity for 
the thermal analyst. 

This paper concentrates on the methodology of using CAD generated 
geometry in a CAE environment to develop a thermal model. The format 
and mathematics used on both, CAD and CAE platforms, is different 
requiring therefore a translator to share the information. The Initial 
Graphics Exchange Specification (IGES) version 5.0 translator was 
selected due to its availability on both platforms. 


THERMAL MODEL UPDATE FOR THE AEROASSIST FLIGHT EXPERIMENT (AFE) 

The thermal model of the AFE had reached a level of obsolescence 
and a major update with required. As the design matured, there was a 
need to update the model to include all design reviews. The structural 
design had major changes, but it was still in the evolution stage. To 
update the model, a major undertaking was necessary, but there was still 
the question of how to keep up with the changes, especially, how to 
respond to the “what if questions that were being posed as changes in 
the design were taking place? There was a choice of doing the update the 
traditional way and lag behind or investigate the avenue of using the CAD 
generated geometry to create the model and to incorporate updates of 
components as they change, without affecting the rest of the model. 


A NEW APPROACH IN THERMAL ANALYSIS 


The incorporation of CAD generated geometry to create a thermal 
model in a CAE environment, is an avenue that will complement 
established practices and it will also allowed the analyst to do the 
following: 

• Use the same geometry generated by the designer 


no 


• Eliminate design mis-interpretation 

• Avoid dimensional errors 

• Maintain model fidelity 

• Update design changes only on the affected areas 

• Share the model with other disciplines 

• Share results with other disciplines 

• Promote concurrent engineering 

The design of the AFE was done using the Intergraph Graphics Design 
System (IGDS) and the Intergraph Engineering Modelling System (l/EM S) 
packages. Use of the CAD data required transferring it to the CAE 
platform, where the actual modelling would take place and finally to a 
platform where the conversion to a SINDA model is done. Following are 
the steps taken to create a thermal model using CAD data. 

- Compress the boolean trees of the CAD file 

. Using the l/IGES translator, translate the l/EMS file to an IGES file 

Using the CADPAT, IGES-to-PATRAN translator, translate the IGES 
file to a PATRAN neutral file. 

• Prepare the model in PATRAN by defining the nodal network, 
physical properties and material properties. 

Translate the model (a PATRAN neutral file) to a FEM/SINDA file, 
using the FEM-to-FDM translator FEM/SINDA. 

Using FEM/SINDA, convert the FEM/SINDA file to a Finite Difference 
file. 

Table 1 shows the geometry entities l/GES version 5.0 and CADPAT 
release 4.0, can support. 


Table 1. IGES Entities Supported by l/GES and CADPAT 


1 l/GES 

CADPAT 1 

IGES Entity & Number 

Circular arc or circle 

Parametric cubic line 

Circular arc, 100 

Composite curve 

Parametric cubic line 

Composite curve, 102 

B-Spline curve 

Parametric cubic line 

General conic, 104 

Points 

Parametric cubic line 

Data points, 106 

B-Spline curve 

Parametric cubic line 

Parametric spline 
curve, 112 

B-Spline surface 

Parametric cubic patch 

Parametric spline 
surface, 114 

Point 

Grid 

Point, 116 


in 





B-Spline surface 

Parametric cubic patch 

Ruled surface 
(arc length),118 

B-Spline surface 

Parametric cubic patch 

Surface of revolution, 120 

B-Spline surface 

Parametric cubic patch 

Tabulated cylinder, 122 

Transformation matrix 

Coordinate system 

Transformation matrix, 124 

B-Spline curve 

Parametric cubic line 

Rational B-Spline curve, 126 

B-Spline surface 

Parametric cubic patch 

Rational B-Spline surf. ,128 

B-Spline surf, boundary 

Primitive parametric 
surface curve 

Curve on parametric 
surface, 142 

B-Spline surface 

Primitive face 

Trimmed parametric 
surface, 144 


The l/EMS model of the AFE, figure 1 , is composed of many components, 
due to its massive size, it was necessary to separate each component in 
individual files, making the translation process less cumbersome. Once 
the files were translated, figure 2, and modeled individually as a 
component, they were merge to form the complete model. Figure 3 depicts 
a flowchart of the translation process. 
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Figure 3. Thermal Analysis CAD/CAE Interdisciplinary Illustration For The AFE 
Experiment 
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CONCLUSIONS 


The process of using CAD/CAE technologies is not a substitute for 
the traditional thermal analysis, but merely a complement to the task of 
analyzing thermal systems. It is a process that can ® * pp ' take 

riealino with large and complicated structures, when hand inputs can take 
several months. This process goes beyond thermal analysis, this pro 5 
encourages the members of all disciplines working in a project, to work 
together 9 the results of such cooperation are unlimited, with sharing o 

models and results being just a few. 

Due to cancelation of the AFE project, the complete modelling of the 
AFE using this process was not possible, but the major compo 
Cicorporated in ?he model. Further work is progressing though other 
oroiects Presently this process is being applied to the creation of SINDA 
and TRASYS models from the same CAD/CAE file, as well as creating 
geometry from TRASYS models that were written by hand and 
updating New technologies and cooperation between CAD and CAE vendo s 

will expedite this process. 
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NOMENCLATURE 


J 

jj 

P 

r 

Re 

RUB 

RVB 

T 

u 

v 

X 

y 

Pdf 

P 


specific heat at constant pressure 
index of grid location in the x-direction 
index of grid location in the y-direction 
total number of grid points in the y-direction 
pressure 

radius of wall (axisymmetric case) 

Reynolds Number (per unit length) .... 

coefficient in front of derivatives of the advective terms m the x-directio 
coefficient in front of derivatives of the advective terms m the y-direction 
temperature 

velocity component in direction of core flow 
velocity component perpendicular to core flow 
location in the direction of the core flow 
location in the direction perpendicular to the core flow 
total viscosity (molecular and turbulent) 

density , ,. 

core flow value at point with maximum Mach number, used to non-dimen- 

sionalize boundary layer equations 


INTRODUCTION 

At times we need to analyze the thermal behavior of systems that include both 
conduction and high speed Dows. Unfortunately, most Ugh-spMd-Oowcodes 1 mve 
limited conduction capabilities and most conduction codes, such as SINDA, cannot 
model high speed flows. It would be useful to interface a high-speed-flow solution an 
SINDA. When interfacing a high-speed-flow solution to SINDA, it may be necessary o 
include the viscous effects in the energy equations. Boundary layer effects of interest 
include heat transfer coefficients (including convection and viscous dissipation) and 
friction coefficients. To meet this need, a fast, uncoupled, compressible, two-dimension- 
al boundary later algorithm was developed that can model flows with and without 
separation^ This algorithm was used as a subroutine with SINDA. Given the core flow 
properties and the wall heat flux from SINDA, the boundary layer algorithm returns a 
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wall temperature to SINDA. SINDA and the boundary layer algorithm are iterated until 
they predict the same wall temperature. 

BOUNDARY LAYER ALGORITHM 


Boundary Layer Equations 


The forms of the boundary layer equations used in the finite difference scheme 
were the compressible, parabolized Navier-Stokes (PNS) equations by Roach, et al [1]. 
The equations were 2-dimensional, viscous, and were solved for the primitive variables. 
The y-momentum equation simply reduced to 



(1) 


The other equations were as follows: 
continuity 


x momentum 


3(p u ) i djp v) _ 0 
dx dy 


du du 1 d ,n k&U\ 3P 

p u—~ + p v— =——(*/— )— 
dx dy R k dy dy ax 


energy 

— dT — c_ 

p “ai pv 7~ = " 

The variables were defined as: 
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( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

(«) 
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( 8 ) 
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For axisymmetric flows, (k= 1), R, was defined as: 


R*rty cos0 


( 10 ) 


where r was the radius of the wall, 6 was the angle of the wall, and the plus or minus 

signsrefe rr rs 

and the v coordinate was perpendicular to the wall. It should be noted that Re was no 
actually non-dimensional. Re had units of (length) ’. Also x and , « 
dimensional. So, each term in each of the above boundary layer equafons had units of 

(length) 1 . 

Solution Algorithm 


The momentum, continuity and energy equations were differenced as described by 
Kwon et al.[2] For any scalar quantity <t> : 


\ AAu 

(11) 

U, 

)ij *r x i - 1 


l dy j 

u 7/.1 -I’m 

(12) 

1 

♦u.i"+u 1 Wl 



^dy/fc dyjy 


y j*r y j y > y > 1 


( 13 ) 


Due to the parabolic nature of the boundary layer equations, the governing 


equations were solved by marching from station to station in the direction of the core 
flow. Solutions at a given station were obtained by solving the boundary layer equations 
sequentially. First, the momentum equation was solved for the velocity component in 
the core flow (streamwise) direction (u). Second, continuity was solved for the velocity 
component in the y direction (v). Then, the energy equation was solved for the tempera- 
ture (T). If the station had not converged, the momentum, continuity, and energy equa- 
tions were solved again for the velocity components and temperature, using the flow 
properties from the previous iteration. Convergence at a given station was obtained 
when the streamwise velocity components at all grid locations at that station converged. 
After the calculation at the station converged, the algorithm marched to the next stream- 
wise station to solve for the boundary layer properties. This streamwise marching 
continued throughout the entire domain. 

Grid spacing perpendicular to the wall (y-direction) was based on an exponential 
function. The grid spacing was fine near the wall to better resolve the gradients at the 
wall. The grid spacing was course away from the wall where fine resolution of the 
gradients normal to the core stream were not necessary. 

The derivative of the velocity at the wall (used to calculate wall shear stress) was 
determined using a second order approximation. Values at j = l (wall), j=2, and j=3 
were used. 


/ du\ _ ypig~ u i.O ~ yiq( u Q~ u i.\) (14) 

v^yJu 

The above algorithm worked well for flows with weak viscous/inviscid interaction, 
since the downstream influence could be neglected. However, when the flows were 
strongly interacting, such as those with strongly adverse pressure gradients or separation, 
downstream conditions had to be considered. To account for downstream influences the 
pressure gradient was differenced as a weighted average of forward and backward differ- 
ences. This techniques was based on the method of Davis and Bamett[3]. 

Specifically the pressure gradient was differenced as 






U 


x r* i-i ) 



(15) 


where c is a weighting parameter of the forward and backward differencing. This term 
was required to remove the ellipticity in the PNS equations in strongly interacting flows. 
The quantity e determined what fraction of the forward difference of the pressure 
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sure gradient (e=1). If the flow was subsonic then at a given ] location the 
following expression for e was used, 


€-■ 


yM 2 


(16) 


1 + ( Y -1 W 1 


Boundary Layer Separation 

Flarine of the advective term parallel to the core flow was used when the flow 

Again this operation was only performed when the flow was sep 
Boundary Layer Turbulence Model 

A modified Baldwin-Lomax model was used to account for torbulence. This 
model was a zero equation, eddy viscosity model. This mode was ' f***’ , Visbal and 

turbulence models, such as the k-E two equation model. A 
Knicht was used to handle the effects of separation. However, the model of 
Knight required further modification, the most important of which was^t e modific^ 
of the Baldwin-Lomax parameter C*. needed to be a function o 
Mach number and core flow pressure gradient. This modification i was ***** 
important in matching numerical results and experimental data. A detailed descnptio 
of the turbulence model used is given in Sakowski, et. al [4J. 

Boundary Layer/Core Flow Interface 

The boundary layer algorithm serves as a link between the Ruction program 
(SINDA) and an inviscid core flow program. The interface with SIND wi is 
Sin abater section. In this section we will look at the interface of the boundary 

layer algorithm with a core flow program. 

When the boundary layer algorithm was interfaced with a core flow algorithm, it 
was necessary that the boundary layer properties smoothly approached the core flow 
irS when the denies perpendicular to the waUwere zero £ 
values had to be a solution to the boundary layer equations. The comphcated part was 
matching the boundary layer and core flow, since the boundary r layer and eoreflmf g 
rithms were probably not differenced in the same way. If the ± 

solved exactl y there would not be problem, but they were not solved exactly. What the 
core flow algorithm predicted as a solution, was not exactly what the 
algorithm predicted ks a solution as the y-derivatives went to zero (far from the wall). 
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The difference was usually fairly small (2% or so), but this small difference could have a 
big effect on the integral performed to calculate the displacement thickness. An 
adjustment in the way the pressure gradient term was calculated in the boundary layer 
algorithm forced the boundary layer properties to smoothly approach the core values. 
Without this adjustment, the displacement thickness, predicted by the boundary layer 
program had large errors. The adjustment of the pressure gradient was performed by 
solving the fini te differenced momentum equations for dP/ dx when all y-derivatives were 
zero. 


dP 

dx 



(17) 


The corrected value of the pressure derivatives was calculated with the edge 
values from the core flow algorithm using the same differencing scheme used in the 
boundary layer algorithm. In this way the boundary layer algorithm approached the core 
flow values as the y-derivatives approached zero. 

Another consideration for interfacing a core flow algorithm and the boundary 
layer code was stability. At times the boundary layer algorithm has a stability problem. 
This problem tended to initiate near the edge of die boundary layer. From one iteration 
to the next the values near the core flow sometimes fluctuated between less than and 
greater than the core flow value. Sometimes these fluctuations died out and the program 
converged. However, other times the oscillations grew, causing the calculations to 
diverge. To solve this problem flaring was used. RVB was part of the advective terms 
in the y-direction. RVB was the coefficient in front of the du/dy term in the finite 
differenced x-momentum equation, and the dT/dy term in the finite differenced energy 
equation. These were the advective terms in the y-direction. Without flaring RVB was 
simply pv. With flaring RVB was changed as follows: 

RVB-K} p V I ( 18 > 

K,’s for momentum equation 

if u<u t if u>u t 


if f!>0 

dy u t 


1 -- 

u 

*) 


v x <0 

dy 


kMi-- 


*i=- 


u 
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Ki’s for energy equation 


if T<T t if T>T t 



The motivation for the above naring was to make the core flow a 
cally stable solution in the boundary layer algorithm far from the wall. This flying 
fonid to be very important to help the stability of the algorithm, p^ticularly when there 
was an adversJpressure gradient, separation, bleeds, or bypasses. For more detail on 
interfacing the boundary layer algorithm of Roach, et al. with a core flow, refer to 

Darling, ct al. [5]. 


CORE FLOW INPUT TO BOUNDARY LAYER ALGORITHM 

It was mentioned previously that the boundary layer algorithm required as an 
input, a core flow. The invisdd core flow variables needed by *e boundary layer 
algorithm were the Mach number, temperature, and pressure. 

interaction between the core flow and boundary layer were negligible, the tnterface was 
very and easily implemented. All that was required was an mput file by the name 

LBL.DAT. This file contains seven namelists described as follows. 


NAMELIST/GEOM/X: 


NAMELIST/AREAX/ AREA: 


NAMELIST/TEMP/T1: 


NAMELIST/PRES/PI: 


Grid point locations that run parallel to the centerline 
of the wall 

Surface area of the wall that corresponds to 
a respective X grid point location 

Core flow temperature that corresponds to a 
respective X grid point location 

Core flow that corresponds to a 
respective X grid point location 
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NAMELIST/MACH/AM: Core flow Mach number that corresponds to a 

respective X grid point location 

NAMELIST/RADIUS/RADY: Radius of the wall measured from the wall centerline 

and perpendicular to its respective X grid point 
location 


NAMELIST/BL/ 

jjj. Number of grid points perpendicular to the wall 

DUMX: Convergence criteria on the u velocity component of 

the x momentum equation 

II: Number of grid points in the streamwise direction 

TURB: Flag to signal use of the Baldwin-Lomax turbulence 

model: 

TURB = . TRUE. - turbulence on 
TURB = . FALSE. - turbulence off 


ENGU: 

Flag to signal use of units: 




AREA 


ENGU 

T1 

PI 

X 


ENG UNITS - .TRUE. 

•R 

lbf/ft 2 

ft 

ft 2 


SI UNITS - .FALSE. 

•K 

N/m 1 

m 

m 2 


AXI: Flag to signal axisymmetric flow: 

AXI = .TRUE. - axisymmetric flow 
AXI = . FALSE. - 2-D flow 


EXT: Flag to signal external flow: 

EXT =. TRUE. - external flow 
EXT =. FALSE. - internal flow 

MYES: Flag to print to: 

Mach.out: Prints non-dimensional velocity, 

temperature, density, and pressure 
profiles for each x grid location and for 
the first 10 SINDA iterations - after 10 
SINDA iterations, the profiles are 
printed eveiy 20 SINDA iterations 
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Each x grid location also gives the 
following parameters: 

IT: number of boundary layer 

iterations 

M: core flow mach number 

Cf: skin friction coefficient 

Ybl: distance of the last y grid point 

from the wall 


C2.0UT: Prints the following boundaiy 

layer parameters: 

IT: number of boundaiy layer 

iterations 

Th: momentum thickness 

Cf: skin friction coefficient 

Disp: displacement thickness 

for the first 10 S1NDA iterations - alter 

10 SINDA iterations, the profiles are 

printed every 20 SINDA iterations 


A sample LBL.dat file is provided in the APPENDIX. 

For flows where there was a strong interaction between the core flow and 
boundary layer, the simple input data file of constant inviscid core flow values would 
change complexion. The file would become a core flow algorithm which continuously 
updates the core flow variables to account for the boundary layer interaction, such 
flows with shock waves. Such algorithms are not discussed m this paper. 


SINDA/BOUNDARY LAYER INTERFACE 


The nodes in SINDA that represent the wall surface nodes MUST be declared as 
boundary nodes. This is done to obtain heat rates on the nodes that can be sent to the 
boundary layer algorithm. For a steady state solution the heat rate on the surface node 
will txTzero if the nodes are defined as arithmetic or diffusion nodes. This is because 
SINDA effectively "sees" an insulated surface. In actuality the surface is notmsulated, 
because of the presence of the boundary layer flowing over it. For each SINDA 
Sol th^at rates from the SINDA nodes are passed to the .^undaiy layer where 
new wall temperatures are determined. The boundary layer algorithm will contmue 
iterating until it has a converged solution. After the boundaiy layer algorithm has 
“Xthe boundary layer wall temperatures become the new ^ *"**£* 
temperatures. Thus the SINDA boundary node temperatures are updated eveiy SI 
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iteration. The program iterates between SINDA and the boundary layer algorithm until 
the boundary layer wall temperatures match the SINDA boundary node temperatures. 


SINDA INPUT TO BOUNDARY LAYER ALGORITHM 


In HEADER CARRAY DATA, reserve the following variables: 


1-LBL.DAT 
2= MACH. OUT 
3=C2.0UT 


Also, the common SINDA/FORTRAN variable BTEST should not be used. In HEAD- 
ER VARIABLES 1, make the call to the subroutine INTERFACE as follows: 


CALL INTERFACED, C,D,E,ABSZRO,BTEST,UCAl,UCA2,UCA3) 


where A * Submodel name in quotes where the surface boundary nodes are located, 
and no more than 8 characters long. 


B = SINDA node number of the surface boundary node located at the last x 
grid location of the boundary layer (integer). 

C * SINDA node number of the surface boundary node located at the first x 
grid location of the boundary layer (integer). 

D = Number by which the SINDA boundary nodes are incremented (integer). 

E = Units used by SINDA. ’ENG’ for English units. ’SI’ for SI units. 


The remaining arguments should be left as they are. ABSZRO is the SINDA variable 
for absolute temperature defined in the HEADER OPTIONS DATA BLOCK. BTEST 
is a counter for the number of SINDA iterations. UCA1, UCA2, and UCA3 are the 
SINDA variables for the input and output file names defined in the HEADER CAR- 
RAY DATA BLOCK. 


CONCLUSIONS 

A fast steady, compressible, turbulent boundary layer algorithm that can be used 
to model separated flows has been written as a subroutine for SINDA. Results from the 
boundary layer algorithm compared well with experimental pressure distributions when 
the boundary layer was interactive with the core flow, Darling, et al. [5] and Roach, et al 
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m b, addition, the friction coefficients and momentum thicknesses predicted by the 
boundary layer code compared well with experimental data, Roa< ch, et al. [ 1J. e 
Baldwh^Lomax turbulence model was used following the modifications of * 

141 also matched experimental data fairly well. Currently comparisons are being made 
with experimental data validate the heat transfer predictions of the boundary layer 
algorithm. The boundary layer algorithm was found to converge S f . 

simple SINDA model with 25 x-grid locations was tested, see the APPENDIX fo 
SINDA input. The model converged in 95 SINDA iterations. 


al 
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APPENDIX 


fiGEOM X- 


225528E-2, .247675E-1, .515367E-1, .77046OE-1, .107633, .128037, .151619, 
174448, .203611, .228309, .231856, .235408, .238954, . 242498, 


.246048, .249659, 

.25352, .258018, .262899, .267638, .272238, .276733, 

.281173, .285603, .290036,-294476, .298924,-303379, .307842, .312309, 
.316781, .321258, .325737, .330218, 

.334703,. 343673,. 352644,. 366070 SEND 

6AREAX ARE A* 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 

1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 

1.0, 1.0, 1.0, 1.0, 1.0, 1.0 &END 

6 TEMP Tl“1982.9, 1983.3,1983.5,1983.6,1983.5,1983.3,1982.7,1981.9,1980.3, 

1975. 5. 1973. 5. 1970. 8. 1966.. 1960. 4. 1945. 2. 1917. 8. 1857. 5. 1776. 7, 
1707.9,1605.9,1526.4,1468.8,1385.8, 

1325.1.1283. . 1253.3.1228.5.1207.9, 

1188.9.1171. . 1155.3.1142.7.1131.3.1122.4, 


1116.5,1106.3,1101.8,1098.6 6END 

£PRES P1-.172115E7, .172253E7, . 17236E7 , . 172399E7, . 172346E7 
. 17199E7 , . 171615E7 , . 170832E7 , . 168388E7 , . 167384E7 


172235E7, 

165993E7, . 163667E7 , 


. 160348E7, . 153294E7, . 141769E7, . 122549E7, 

. 101028E7 , . 810816E6, .613865E6, .492139E6, .407487E6, 

.315702E6, .257376E6, .222281E6, .20018E6, . 183118E6, .169834E6, 

. 158537E6, . 148288E6, . 13964 1E6, . 133107E6, . 127322E6, . 12297 5E6, 


. 120144E6, . 11538SE6, 

.113278E6, .111714E6 SEND 

&MACH AM«. 389E-1 , .393E-1, .411E-1, .442E-1, .492E-1, .541E-1, .619E-1, .73E-1, 

.105, .192, .217, .25, .29, .354, . 442, . 561 , . 725, .919, 1. 13, 1 . 3 , 1 . 48, 1 . 6, 
1.77,1.89,1.98,2.01,2.1,2.14,2.19,2.22,2.25,2.29,2.31,2.32,2.34, 

2*36 2*37 2*374 &END 

6RADIUSY RADY*1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1. 0,1.0, 
1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 
1.0, 1.0, 1.0, 1.0, 1.0, 1.0 SEND 
6BL JJJ«100,DUMX1«. 001, II«25,TURB«. TRUE. , 

ENGU- . FALSE . , AXI« . TRUE . , EXT- . TRUE . , MYES- . TRUE . £END 
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mU^uX LAYER CODE INTERFACE WITH S1NDA 
MODEL - BL1 
OUTPUT - BL2.0UT 
USER1 * BL1.USR 
USER2 - BL2.USR 
HEADER CONTROL DATA, GLOBAL 
NLOOPS * 4000 
ABSZRO « -460.0 

ARLXCA - ^01 SDEFAULT VALUE 

DRLXCA - .01 DEFAULT VALUE 

?5aLSA - .01 SDEFAULT VALUE 

HEADER USER DATA, GLOBAL 

" E#MR S&Wno', [AMBER . SINOA] LBL . DAT 

2- TDISKSDIR: AMBERlMACH.OUT 

3- TDISKSDIR: [ AMBER JC2. OUT 

HEADER USER DATA, BL 

C\>»»R£SERVE btest for use in boundary layer 

HEADER ARRAY DATA, BL 


1= 81. ,0.1139 

261. . 0.1230 

621. . 0.1330 

981. . 0.1390 

1341. . 0.1459 

2= 81., 8.61 

261., 9.59 

621.. 11. 44 

981. . 13.06 

1341. . 14. 68 


J SPECIFIC HEAT VS. TEMPERATURE 
$ UNITS: BTU/LBM/DEG. F 

S AISI 304 S.S. 


$ THERMAL CONDUCTIVITY VS. TEMPERATURE 
S UNITS: BTU/HR/FT/DEG. F 

S AISI 304 S.S. 


HEADER NODE DATA, BL 

r******AiSI 304 S.S. /DENSITY-493 LBM/FT**3 
C******GENERATE 25 DIFFUSION NODES TO REPRESENT THE 

SIM 8801,25,1,70. ,A1, 5. 

C .....*6EMERATE SURFACE NODES ll»XONNECT TO THE BOUNDARY LAYER CODE 

GEN -1,25, 1,3000.. 0.0 

C C :::::: G A^? T C0°0 T L?NG SYSTEM^HOSE^EFFECTI^^ lOO^DEG^F!^ ! 

GEN -1101,25,1,100.0,0.0 
HEADER CONDUCTOR DATA, BL 

Srrg?S B 0 S?S axis^follows^the^direction of the core FLOW 

SIM 801, 24, 1,8801,1, 8802, 1,A2, 6. 
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C ********CREATE CONDUCTORS THAT CONNECT THE WALL DIFFUSION NODES , 
c n,*******TO THE BOUNDARY NODES WHICH INTERFACE WITH THE BOUNDARY LAYER 
SIM 8801,25,1,8801 , 1 , 1,1 , A2, . 1 

C ********CREATE CONDUCTORS THAT CONNECT THE WALL DIFFUSION NODES 
(•********70 THE BOUNDARY NODES THAT SIMULATE ACTIVE COOLING 
SIM 88801, 25, 1,8801,1, 1101, l,A2,.l 

HEADER VARIABLES 1, BL 

C *****THIS IS THE SUBROUTINE THE DOES IT ALL!!! II I! 

CALL INTERFACE ('BL ' ,25,1,1, 'ENG', ABSZRO, 

& BTEST , UCA1 , UCA2 , UCA3 , ) 

HEADER OPERATIONS DATA 
C 

BUILD BL1.BL 
C 


CALL STDSTL 
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SUMMARY 

An effort is currently underway at NASA Lewis to develop two- and three-dimensional Navier-Stokes codes, 
called Frcem. for aerospace propulsion appllcalions. The emphasis in <hc 

development or research on numerical methods, but rather the development of the code itself. The objective s 
develop codes that are user-oriented, easily-modified, and well-documented. Well-proven, state-of-the-art solution 
algorithms are being used. Code readability, documentation (both internal and exiemal). and ^^on arej*mg 
fnnT fr ? ciT«t This paper is a status report on the Proteus development effort. The analysis and sou 
rSd S and dm various Eaiures in dm cod. am summmi«d. TV msuhs (mm some of dm vahdauon 
cases that have been run are presented for both the two- and three-dimensional codes. 

1. INTRODUCTION 

Much of the effort in applied computational fluid dynamics consists of modifying an existing program for what- 
ever geometries and flow regimes are of current interest to the researcher. Unfortunately, nearly all of ^ ^adable 
LTpSy programs were started as research projects with the emphasis on demon«raung the numencal sdgo- 
rithm rSheS e£Hf use or ease of modification. The developers usually intend to clean up andformally docu- 
ment the program, but the immediate need to extend it to new geometries and flow regimes takes precedence. 

■Hie result is often a haphazard collection of poorly written code without any consistent structure. An exten- 
sively modified program may not even perform as expected under certain combinations of operaung opuon*- 
new user must invest considerable time and effort in attempting to understand the underlying stracture of de pro- 
gram if intending to do anything more than run siandard test cases with .L The user s sub^uent modifications 
farther obscure the program structure and therefore make it even more difficult for others to understand. 

•Hie Proteus two- and three-dimensional Navier-Stokes computer codes are intended to be urer-oriented and 
easily-modifiable flow analysis programs, primarily for aerospace propulsion apphcations. Readabdi^, i^u y, 
and documentation have been the primary objectives. Every subroutine contain an ex^s.ve comment ^uon 
dra-rihi n g the purpose, input variables, output variables, and calling sequence of the subrou . J 
clearly-defined exceptions, the entire program is written in ANSI standard Fortran 77 to en po y. 
masZ version of the program is maintained and periodically updated with corrections, as well as extensions of gen- 

eral interest, such as turbulence models. 

The documentation is divided into three volumes. Volume 1 is the Analysis Description, and presents the cqua 
lions and solution procedure used in Proteus. It describes in detail the governing equations, the turbulence modeU. 
the linearization of the equations and boundary conditions, the time and space differencing fc^ul^^ ADl^ 
lion procedure, and the artificial viscosity models. Volume 2 is the User s Guide, and contains information needed 
to rurahe program. It describes the program’s general features, the input and output, the i >ro ^“" Z 

initial conditions, the computer resource requirements, the diagnosuc messages that ? Re f ere nce and con- 

trol language used to run the program, and several test cases. Volume 3 is the Programmer s Reference, and con 
“L S SnLon useful when modifying die piognun. 1. describes die p^grim. spucture. dm Fornan van- 

ables stored in common blocks, and the details of each subprogram. 
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In this paper, the analysis and solution procedure are described briefly, and the various features in the code are 
summarized. The results from some of the validation cases that have been run are presented for both the two- and 
three-dimensional codes. The paper concludes with a brief status report on the Proteus development effort, includ- 
ing the work currently underway and our future plans. 

2. ANALYSIS DESCRIPTION 

In this section, the governing equations, the numerical solution method, and the turbulence models are described 
briefly. For a much more detailed description, see Volume 1 of the documentation (Towne, Schwab, Benson, an 
Suresh, 1990). 

2.1 GOVERNING EQUATIONS 

The b asif governing equations are the compressible Navier-Stokes equations. In Cartesian coordinates, the 
two-dimensional planar equations can be written in strong conservation law form using vector notation as 

i9. + M + *L = (i) 

dt dx By Bx By 


where 



pu pv 



(2a) 


E = 


P“ 

pu +P 

puv 

( E t + p)u 


(2b) 


F * 


pv 

puv 

pv 2 +p 

( E t +p)v 


(2c) 


E v 



0 


Utn + VT*,- 



(2d) 


F v 



'yy 


l UT ty + VT n~ 



(2e) 


The shear stresses and heat fluxes are given by 


1. For brevity, in most instances this paper describes the two-dimensional Proteus code. The extension to three dimoisions is relatively 
straightforward Differences between the two-dimensional and three -dimensional codes are noted where relevant 
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- du i 

r “ = 2 " 37 +i 


du dv 
dx dy 


t » = 2 ^ + A 


du dv 
dx dy 


T 


*y 


-H 


du dv 
dy dx 


( 3 ) 


?x = 



<?> = 



In these equations. / represents time; x and y represent the Cartesian coordinate directions; « and v are *evdoa- 
ties in the x and y direcUons; p,p, and T are the static density, pressure, and temperature, E t is ihe toul energy pe 

ic lit to coefficient of viscosity. the second coefficiem of vtscos.ty, find to coefficen, 

of thermal conductivity. 

fa addition to the equations presented above, an equation of state is required to icla« * ^5 ^* 
variables The equation currenUy built into the Prouus code is the equauon of stale for thermally perfect gase , 
p = pRT where R is the gas constant. For calorically perfect gases, this can be rewritten as 


P-(7~ 1) 


E T -±p(u 2 + v 2 ) 


(4) 


where r »s the ratio of specific heats, c, /c v . Additional equations are also used to define ft. A, *. and c, in terms of 
temperature for the fluid under consideration. 

AD of the equations have been nondimensionaliaed using appropriate rnmnaliaing conditions Lengths teve 
been nondimensional iced by L„ velociUes by «„ density by e„ mn.pen.lure by T„ ™cos.t, by h,. ^al condu^ 
SC^sum and ll'energy by rime by L, / *. und g* «—« “ *» > T - 

reference Reynolds and Prandtl numbers are thus defined as Re, - p r u r E r IPt a™ " r Rr rl r r 

Because the governing equations are written in Cartesian coordinates, they are 
geometric configurations. For most applications a body-fitted coordinate system « desired^ ^ 
die application of boundary conditions and the bookkeeping in the numerical method used w solve 

mt thus ^formed from physical (x.y.O coordinates to rectangular orthogonal computational 

({.•».*) coordinates. Equation (1) becomes 


dQ dE dF _ ^Ey | 3Fy 
dr + d£ + dr? d£ dr? 


( 5 ) 


where 



E= j(ES, + F$ y + <K,) 
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F = yCEffc + Fty + Q T},) 


Ev = y(E^, + F v (,) 
Fv = y(EvT; I + Fv»; y ) 


In these equations the derivatives £ lt t]„ etc., are the metric scale coefficients for the generalized nonorthogonal 
grid transformation. J is the Jacobian of the transformation. 

22 NUMERICAL METHOD 

2.2.1 Time Differencing. The governing equations are solved by marching in time from some known set of initial 
conditions using a finite difference technique. The time differencing scheme currently used is the generalized 
method of Beam and Warming (1978). With this scheme, the time derivative term in equation (5) is written as 


8Q _ AQ 
dr At 


1 + #2 


* ■ 

1 3Q , 

1 + 02 3 ^ 


* n-I 


1 + 02 At 


+ 0 




At, (At) 2 


(6) 


where AQ* = Q* +1 -Q*. The superscripts n and n + 1 denote the known and unknown time levels, respectively. By 
choosing appropriate values for O x and 0 2 , solution procedure can be either first- or second-order accurate in 
time. 

Solving equation (5) for 3Q/3t, substituting the result into equation (6) for 3(AQ*) /3t and 3Q* /3t, and multi- 
plying by At yields 
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222 Linearization Procedure. Equation (7) is nonlinear, since, for example, AE" = e" + 1 -E" and the unknown 
E is a nonlinear function of the dependent variables and of the metric coefficients resulting from the generalized 
grid transformation. The equations must therefore be linearized to be solved by the finite difference procedure. For 
the inviscid terms, and for the non-cross-derivative viscous terms, this is done by expanding each nonlinear expres- 
sion in a Taylor series in time about the known time level n. The cross-derivative viscous terms are simply lagged 
(i.e., evaluated at the known time level n and treated as source terms.) 

The linearized form of equation (7) may be written as 
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here 3E/ad and 3F/30 are the Jacobian coefficient matrices resulting from the linearizaUon of the convative 
HZ iSa Fv, /3Q « -» Jacobian coefUciw mauiccc rcsuhing from dm hneanzauon of 0. 

viscous terms. 

.smsce-k^w— 

are therefore linearized using the same procedure as for the governing equations. 

~ llltinn p rocedur e The governing equations, presented in linearized matrix form as equation (8) are 
doocuon implicit (ADI) meihod. The ton. of dm ADI 

ley wd McDonald (1971). mid by Beam and Wanning (1978). Using appnm.rn.ie faconadKm. eqoauon (8) can be 
split into the following two-sweep sequence. 

Sweep 1 (4 direction) 


AQ + 


0] At 3 

* i" 

3E 

1 + 02 34 

UqJ 

(1 + 0 3 )At 

3E v , 

1 + $2 

34 


1 + 02 3$ 3Q 


At 

3E 

3F 

A 

At 

3Ev, 

l+0 2 

34 

h 3»» 

1 + #2 

34 


Sweep 2 (rj direction) 
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0]At a 
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AQ = AQ 


These equations represent ihq two-sweep alternating duection implicit (ADD algorithm used to advance the solution 
from time level n to n + 1 . Q is the intermediate solution. 

Spatial derivatives in equations (9a) and (9b) are approximated using second-order antral 
The resulting set of algebraic equations can be written in matrix form with a block m-diagonal c°cfficiwl i^mv 
li^re X! usinf the bSk matrix version of the Thomas algorithm (e.g.. see Anderson. Tannehill. and 

Pletcher. 1984). 

„ 4 Artificial viscosity. With die numerical algorithm described above, high frequency nonlinear instabilities 
c^arZaslesolS develops. For example, in high Reynolds number flows oscillations can result tomte 
-nherem in die use of second-order central differencing for the inv.scid terms. In i ritaao. 
physical phenomena such as shock waves can cause instabiliues when they are captured y 
algorithm Artificial viscosity, or smoothing, is normally added to the soluuon algorithm to supp g 
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frequency instabilities. Two artificial viscosity models are currently available in the* Proteus computer code — a 
constant coefficient model used by Sieger (1978), and the nonlinear coefficient model of Jameson. Schmidt, and 
Turkel (1981). The implementation of these models in generalized nonorthogonal coordinates is described by Pul- 
liam (1986). 

The constant coefficient model uses a combination of explicit and implicit artificial viscosity. The standard 
explicit smoothing uses fourth-order differences, and damps the high frequency nonlinear instabilities. Second- 
order explicit smoothing, while not used by Steger or Pulliam, is also available in Proteus. It provides more 
smoothing than the fourth-order smoothing, but introduces a larger error, and is therefore not used as often. The 
implicit smoothing is second order and is intended to extend the linear stability bound of the fourth-order explicit 
smoothing. 

The explicit artificial viscosity is implemented in the numerical algorithm by adding the following terms to the 
right hand side of equation (9a) (i.e., the source term for the first ADI sweep.) 

i^i(V { A { Q + V, A„Q) - [(V { A t )*Q + (V,A,) l Q] 

ejp and are the second- and fourth-order explicit artificial viscosity coefficients. The symbols V and A are 
backward and forward first difference operators. 

The implicit artificial viscosity is implemented by adding the following terms to the left hand side of the equa- 
tions specified. 


-■^-[V^C/AQ)] 
- ^[v„A,(7AQ")] 


to equation (9a) 
to equation (9b) 


The nonlinear coefficient artificial viscosity model is strictly explicit. Using the model as described by Pulliam 
(1986), but in the current notation, the following terms are added to the right hand side of equation (9a). 
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The subscripts i and j denote grid indices in the £ and directions. In the above expression, y is defined as 


V=Wl+Vy 


where yr x and v', are spectral radii defined by 


W,= 
Vy = 


I t/i+WgS+j? 
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|U|+aVq;l + n? 

An 


Here U and V are the contravariant velocities without metric normalization, defined by 


U = i, + { x u + t,v 
V=r h + ViU + rjyV 


and a = \ lyRT , the speed of sound. 
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Hie parameters c (2) and e m are the second- and fourth-order artificial viscosity coefficients. For the coefficients 
of the 4 direction differences, 

^ 2) j = K- 2 Armax(a J+ i, o,, <r,-i) 



= max 


0 , K 4 AT- 



where 


a,= 


| p.>i-2p,+P,-i | 
|Pi+l + 2p» + Pi-l | 


and * 2 and r 4 are constants. Similar formulas are used for the coefficients of the * dnm 
parameter 0 is a pressure gradient scaling parameter that increases the amount of 

tofourth -order smoothing near shock waves. The logic used to compute switches off the fourth-order smooth 
ing when the second-order smoothing term is large. 


23 TURBULENCE MODELS 

Turbulence is modeled using either a generalized version of the Baldwin and Lomax (1978) algebraic eddy 
viscosity model, or i he Chien (1982) low Reynolds number k-c model. 

23.1 Baldwin-Lomax Model. For wall-bounded flows, the Baldwin-Lomax turbulence model is a two-layer 
model, with 


_ fOOi-w f0r (10) 

ft, ~\ (MXuur for y«>y* 

where y. is the normal distance from the wall, and y b is the smallest value of y m at which the values of p, from the 
inner and outer region formulas are equal. For free turbulent flows, only the outer region value is used. 

The outer region turbulent viscosity at a given 5 or rj station is computed from 

(Pt)ouur = KC ep pFi iltb F wtt i u Re r ^ 


where K is the Clauser constant, taken as 0.0168. and C cp is a constant taken as 1.6. 
The parameter * s computed from 


F wa t t -i 


y mu?* 


C**V*ff 


2 y* 

>- 


for wall-bounded flows 
for free turbulent flows 


( 12 ) 


where is a constant taken as 0.25, and 


where V^is the total velocity vector. 

The parameter in equation (12) is the maximum value of 
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y* 


F(y*)=i 


i^" 


|3| 


for wall-bounded flows 
for free turbulent flows 


(13) 


and v -r- is the value of y H corresponding to F mai . 

For wall-bounded flows, y. is the normal distance from the wall. For free turbulent flows, two values of F^ 
and are computed — one using the location of |V|„„ as the origin for y„, and one using the location of 
| | miii . The origin giving the smaller value of ymax ® nc finally used for computing y„, F and y max - 

In equation (13), lift | is the magnitude of the total vorticily, defined for two-dimensional planar flow as 

<"» 

\dx ay | 

The parameter A* is the Van Driest damping constant, taken as 26.0. The coordinate y * is defined as 

* Pw^t y* „ Vr "wPwFtr 

y* — Re r = y„ (15) 

Pw Pw 

where u t = -JTjpjie, is the friction velocity, r is the shear stress, and the subscript w indicates a wall value. In 
Proteus, t„ is set equal to^J^L. 

The function F KU b in equation (11) is the Klebanoff intermittency factor. For free turbulent flows, F KU b = I- 
For wall-bounded flows, 

( 16 ) 

In equation (16), B and C Kub are constants taken as 5.5 and 0.3, respectively. 

The inner region turbulent viscosity in the Baldwin-Lomax model is 

.(M,), wr = pl 2 \(i\Re r (17) 

where l is the mixing length, given by 

/ = »ry,[l-e->-^*] (18) 


Fgub = 


1 +B 


Cxuby. 


and k is the Von Karman constant, taken as 0.4. 

If both boundaries in a given coordinate direction are solid surfaces, the turbulence model is applied separately 
for each surface. An averaging procedure is used to combine the resulting two p, profiles into one. 

The turbulent second coefficient of viscosity is simply defined as 

3 2 

= - ^P, 

The turbulent thermal conductivity coefficient is defined using Reynolds analogy as 

k= SstL Pr 

*' Pr, 

where c p is the specific heat at constant pressure, and Pr, is the turbulent Prandtl number. 


138 



kinetic energy and the turbulent dissipation rale, respectively. 

in Cartesian coordinates, the two-dimensional planar equations for the Chien k-e model can be wntten ustng 
vector notation as 


3W 3F 3G _ c.t 
3/ dx 3y ~ 


(19) 
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The turbulent viscosity is given by 


k 2 


C, 



(20) 


In the above equations, C j, C^, C 3 , o*. a,, and C^ r are constants equal to 1.35, 1.8, 0.01 15, 1.0, 1.3, and 0.09, 
respectively. The parameter y„ is the minimum distance to the nearest solid surface, and y* is computed from y s . 
In the above equations the mean flow properties have been nondimensionaiized as described in Section 2.1. The 
turbulent kinetic energy k and the turbulent dissipation rate t have been nondimensionaiized by u 2 and p,u* fp r , 
respectively. 

After transforming from physical to rectangular orthogonal computational coordinates, equation (19) becomes 
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The time differencing scheme and linearization procedure described previously for the mean flow equauons are 
also applied to equation (21). The mean flow variables are evaluated at the known time level n. This allows the k-c 
f m iaii nnc io be uncoupled from the mean flow equations and solved separately. Spatial derivatives are a PP ro **' 
mated using first-order upwind differences for the convective terms, and second-order central differences for the 
viscous terms. In the two-dimensional Proteus code, the equations are solved by the same ADI procedure as the 
mean flow equations. In the three-dimensional code, they are solved by a two-sweep LU procedure, as described by 
Hoffmann (1989). 

Tlie turbulent second coefficient of viscosity A, and the turbulent thermal conductivity coefficient k, are defined 
as described in the previous section. 


3. CODE FEATURES 

In this section the basic characteristics and capabilities of the two- and three-dimensional Proteus codes are 
summarized. For a much more detailed description, see Volumes 2 and 3 of the documentation (Towne, Schwab, 
Benson, and Suresh, 1990). 

3.1 ANALYSIS 

The Proteus codes solve the unsteady compressible Navier-Stokes equations in either two or three dimensions. 
The 2-D code can solve either the planar or axisymmeiric form of the equations. Swirl is allowed in axisymmetric 
flow The 2-D planar equauons and the 3-D equations are solved in fully conservative form. As subsets of these 
equations, options are available to solve the Euler equations or the thin-layer Navier-Stokes equations. An opuon is 
also available to eliminate the energy equation by assuming constant total enthalpy. 

The equations are solved by marching in time using the generalized time differencing of Beam and Wanning 
(1978). The method may be either first- or second-order accurate in time, depending on the choice of time dif- 
ferencing parameters. Second-order central differencing is used for all spatial derivatives. Nonlinear terms are 
lineari zed us i n g second-order Taylor series expansions in time. The resulting difference equations are solved using 
an alternating-direction implicit (ADI) technique, with Douglas-Gunn type splitting as written by Briley and 
McDonald (1977). The boundary conditions are also treated implicitly. 

Artificial viscosity, or smoothing, is normally added to the solution algorithm to damp pre- and post-shock oscil- 
lations in supersonic flow, and to prevent odd-even decoupling due to the use of central differences in convection- 
dominated regions of the flow. Implicit smoothing and two types of explicit smoothing are available in Proteus. 
The implicit smoothing is second order with constant coefficients. For the explicit smoothing the user may choose a 
constant coefficient second- and/or fourth-order model (Sieger, 1978), or a nonlinear coefficient mixed second- and 
fourth-order model (Jameson, Schmidt, and Turkel, 1981). The nonlinear coefficient model was designed 
specifically for flow with shock waves. 

The equations are fully coupled, leading to a system of equations with a block tridiagonal coefficient mauix that 
can be solved using the block matrix version of the Thomas algorithm. Because this algorithm is recursive, the 
source code cannot be vectorized in the ADI sweep direction. However, it is vectorized in the non-sweep direction. 
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leading to an efficient implementation of the algorithm. 

3 2 GEOMETRY AND GRID SYSTEM 

The equations solved in Proteus were originally written in a Cartesian coordinate system, then transformed into 
a general nononhogonal computational coordinate system. The code is therefore not limited to any particular type 
of geometry or coordinate system. The only requirement is that body-fitted coordinates must be used. In general, 
the computational coordinate system for a particular geometry must be created by a separate coordinate generation 
code and stored in an unformatted file that Proteus can read. However, simple Cartesian and polar coordinate sys- 
tems are built in. 

The equations are solved at grid points that form a computational mesh within this computational coordinate 
system. The number of grid points in each direction in the computational mesh is specified by the user. The loca- 
tion of these grid points can be varied by packing them at either or both boundaries in any coordinate direction. The 
transformation metrics and Jacobian are computed using finite differences in a manner consistent with the differenc- 
ing of the governing equations. 

3.3 FLOW AND REFERENCE CONDITIONS 

As stated earlier, the equations solved by Proteus are for compressible flow. Incompressible conditions can be 
simulated by running at a Mach number of around 0. L Lower Mach numbers may lead to numerical problems. The 
flow can be laminar or turbulent. The gas constant R is specified by the user, with the value for air as the default. 
The specific heats c p and c„, the molecular viscosity p , and the thermal conductivity £ can be treated as constants or 
as functions of temperature. The empirical formulas used to relate these properties to temperature are contained in a 
separate subroutine, and can easily be modified if necessary. The perfect gas equation of state is used to relate pres- 
sure, density, and temperature. This equation is also contained in a separate subroutine, which could be easily 
modified if necessary. All equations and variables in the program are nondimensionalized by normalizing values 
derived from reference conditions specified by the user, with values for sea level air as the default. 

3.4 BOUNDARY CONDITIONS 

The easiest way to specify boundary conditions in Proteus is by specifying the type of boundary (e.g., no-slip 
adiabatic wall, subsonic inflow, periodic, etc.). The program will then select an appropriate set of conditions for that 
boundary. For many applications this method should be sufficient. If necessary, however, the user may instead set 
the individual boundary conditions on any or all of the computational boundaries. 

A variety of individual boundary conditions are built into the Proteus code, including: (1) specified values 
and/or gradients of Cartesian velocities u, v, and w, normal and tangential velocities V. and V„ pressure p, tempera- 
ture T, and density p\ (2) specified values of total pressure pr> total temperature T t , and flow angle; and (3) linear 
extrapolation. Another useful boundary condition is a "no change from initial condition" option for u, v, w, p, T, p, 
Pr, and/or T t . Provision is also made for user-written boundary conditions. Specified gradient boundary conditions 
may be in the direction of the coordinate line intersecting the boundary or normal to the boundary, and may be com- 
puted using two-point or three-point difference formulas. For all of these conditions, the same type and value may 
be applied over the entire boundary surface, or a point-by-point distribution may be specified. Unsteady and time- 
periodic boundary conditions are allowed when applied over the entire boundary. 

3.5 INITIAL CONDITIONS 

Initial conditions are required throughout the flow field to start the time marching procedure. For unsteady flows 
they should represent a real flow field. A converged steady-state solution from a previous run would be a good 
choice. For steady flows, the ideal initial conditions would represent a real flow field that is close to the expected 
final solution. 

The best choice for initial conditions, therefore, will vary from problem to problem. For this reason Proteus 
does not include a general-purpose routine for setting up initial conditions. The user must supply a subroutine, 
called INIT, that sets up the initial starting conditions for the time marching procedure. A version of INIT is, how- 
ever, built into Proteus that specifies uniform flow with constant flow properties everywhere in the flow field. These 
conditions, of course, do represent a solution to the governing equations, and for many problems may help minimize 
starting transients in the time marching procedure. However, realistic initial conditions that are closer to the 
expected final solution should lead to quicker convergence. 
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3.6 TIME STEP SELECTION ~ . . . 

Several different options are available for ch ™ sin * 

proceeds. At may be specified directly, or tag > v constant in space) based on the minimum CFL 

specifying a CFL number, the ume UmiL ’ For uns teady time-accurate flows global values 

limit, or local (i.e.. varying in space) based on tte 1^1 CTL hm con vergence. Options are available to 

should be used, but for steady flows using oca * . . ^ dependent variables. An option is also 

increase or decrease At as the solution proceeds based on the change in the van 

SL » breween two values in a logarithmic progress™ over a specified numbre of ume steps. 

3.7 CONVERGENCE . . 

Five options are cumnd, available fo, fcmrnining '”^"“,^^^^^*^0)^0' 
for each of the governing equauons. Then, depending on [*i ^ ^ ^ @) me absolute 
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whetTa^^unon isTufficiently converged is. in some resprets, a skill best amoved ilnongh expenence. 

3.8 INPUT/OUTPUT 

created during an earlier run. 

The standard printed output available in Proteus includes an echo of the input. 
and reference cions, the computed Bow field, and convince 

flow field parameters are printed, and at which time levels and gnd pomts. Several debug options are also 
for detailed printout in various parts of the program . 

In addition to the primed output, several unformatted files can be written for various purposes. TO'JJ'* » » 

S l ZZZ fa convergence, and is used to generele the convergence hisfa, printout land 1 w«h 1 Lew* 

foiling routines. And finally, two unfonuaued files may be wnuen ai ihe end of a onto- 
S ETSTi Sut die caiculalion in a fire tun. One of Ores, contains Ore rdmpuiauomd mesh, real 

the other the computed flow field. 

3.9 TURBULENCE MODELS 

For turbulent Bow. Proteus solves the Reynolds dme-avemged Navier-Stokra equnuoni k with ' «*>toice 
modeled using either Ihe Baldwin and Lomax (1978) algebraic eddy-viscosity model or ihe Chten (1982) two- 

equation model. 

3 91 Baldwin-Lomax Model. The Baldwin-Lomax model may be applied to either wall-bounded flows or l °f’ ree 
fulfils ^ waiSldul fiows. the mode, is a twrviaye, model. For Hows in which more th»on. 1 bourn 
dary is a solid surface, averaging procedures are used io determine a single u, profile. The turbulent therm 
ducuvity coefficient k, is computed using Reynolds analogy. 

3 9 2 Cl.ien k-c Model With the Chien two-equation model, partial differential equations are solved for *e tur- 
Zt Sc energy! and the turbulent dissipation rate e. These equations are lagged in ume and solved 
Sere, : 0 w eouations. In dte 2-D Prmeur code, dw egoanoos are solved ustng me same solouon 
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algorithm as for the mean flow equations, except that spatial derivatives for the convective terms are approximated 
using first-order upwind differencing. In the 3-D code, they are solved by a two-sweep LU procedure, as described 
by Hoffmann (1989). 

Since the Chien iwo-equadon model is a low Reynolds number formulation, the k-e equations are solved in the 
near- wall region. No additional approximations are needed. Boundary conditions that may be used include: (1) no 
change from initial or restart conditions for k and e; (2) specified values and/or gradients of k and c; and (3) linear 
extrapolation. Specified gradient boundary conditions are in the direction of the coordinate line intersecting the 
boundary, and may be computed using two-point or three-point difference formulas. For all of these conditions, the 
same type and value may be applied over the entire boundary surface, or a point-by-point distribution may be 
specified. Spatially periodic boundary conditions for k and e may also be used. Unsteady boundary conditions are 
not available for the k-e equations. However, unsteady flows can still be computed with the Chien model using the 
unsteady boundary condition option for the mean flow quantities and appropriate boundary conditions for k and f , 
such as specified gradients or linear extrapolation. 

Initial conditions for k and e are required throughout the flow field to start the time marching procedure. The 
best choice for initial conditions will vary from problem to problem, and the user may supply a subroutine, called 
KEINIT, that sets up the initial values of k and e for the time marching procedure. A version of KEINIT is built 
into Proteus that computes the initial values from a mean initial or restart flow field based on the assumption of local 
equilibrium (i.e., production equals dissipation.) Variations of that scheme have been found to be useful in comput- 
ing initial k and e values for a variety of turbulent flows. 

The time step used in the solution of the k-e equations is normally the same as the time step used for the mean 
flow equations. However, the user can alter the time step, making it larger or smaller than the time step for the 
mean flow equations, by specifying a multiplication factor. The user can also specify the number of k-e iterations 
per mean flow iteration. 


4. VERIFICATION CASES 

Throughout the Proteus development effort, verification of the code has been emphasized. A variety of cases 
have been run, and the computed results have been compared with both experimental data and exact solutions. 
Some cases are included in Volume 2 of the Proteus documentation (Towne, Schwab, Benson, and Surest), 1990). 
Other cases have been reported by Conley and Zeman (1991), Saunders and Keith (1991), and Bui (1992). 

Three cases are presented in this paper — flow past a circular cylinder, flow through a transonic diffuser, and 
flow through a square-cross-sectioned S-duct. 

4.1 FLOW PAST A CIRCULAR CYLINDER 

In this test case, steady flow past a two-dimensional circular cylinder was investigated. Both Euler and laminar 
viscous flow were computed. 

4.1.1 Reference Conditions. In order to allow comparison of the Proteus results with incompressible experimental 
data and with potential flow results, this case was run with a low reference Mach number of 0.2. The cylinder 
radius was used as the reference length, and was set equal to 1 ft Standard sea level conditions of S19 °R and 
0.0764S (tv, / ft 3 were used for the reference temperature and density. The Reynolds number based on cylinder 
diameter was 40, matching the experimental value. 

4.1.2 Computational Coordinates. For this problem a polar computational coordinate system was the obvious 
choice. The radial coordinate r varied from 1 at the cylinder surface to 30 at the outer boundary. Since the flow is 
symmetric, only the top half of the flow field was computed. The circumferential coordinate 6 thus varied from 0° 
at the cylinder leading edge to 1 80° at the trailing edge. For the Euler flow case, a 21 (circumferential) x 5 1 (radial) 
mesh was used, with the radial grid packed moderately tightly near the cylinder surface. For the viscous flow case, 
a 51 x51 mesh was used, with the radial grid packed more tightly near the cylinder surface. 

4.1 3 Initial Conditions. Constant stagnation enthalpy was assumed, so only three initial conditions were required. 
For the Euler flow case, uniform flow with u = 1 , v = 0, and p = 1 was used. 

For the viscous flow case, the exact potential flow solution was used to set the initial conditions at all the non- 
wall points. Thus, with nondimensional free stream conditions of p. = «» = T„ = = 1, the initial conditions 
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were 2 

u = 1 - -Vcos(20) 

r 


v = - -ySin( 20 ) 
r 

1 p_(u 2 + v 2 ) 
P = (Pt)-' j r 


where 

1 P-«- 

(p T )-=P-+2~R~ 
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surface. _ , . 

4.M Boundary Conditions. Agmrb --- 

1 ^ « •* “ a " T1 * •*— u **“ 
and Gaylord, 1964) 


P v r 


dv r pv, dvv _ Vg _ 3p 
dT + r 30 p r- dr 


where v. and v, are die redial end circumfemmial velociues, respectively. Mfe cylinder surface, v, = 0. Titus. 

dr vj > ! *v' 

t‘ p 

And finally at the outer boundary the free stream conditions were specified as boundary conditions. 

For * viscous dew case, sytnumu, condidous we* againuseC '*£^£££££2 
the cylinder At the cylinder surface, no-shp condiuons were used for the y. 

la equal to aero. ntc outer boundary was split into an inlet regtoo and w* npunJlKJbt was cmuc^ 
wa* ^ ^ , . lhe 50^^ values of u t v, and p were kept at weir imuiu 

somewhat arbitrarily, at 6 - 135 . In the inlet regio , y houndarv values of p were kept at their initial 

values, which were the potential flow values. In the wake region, the boundary values 01 p 

values and the radial gradients of u and v were set equal to zero. 

4 IS Numerics. Bod, dm Euler and viscous flow cases wem tun using a s^y vm^n, toe ^ with a local 
CFL number of 10. The constant coefficient artificial viscosity model was used, wrlh c, - 2 and «t 

The Euler flow case converged in 210 time sleps. and Ihe viscous flow ease converged in MO dme steps. ^ 

was dial dm i, norm of die residual for each equation drop below 0.001 . 


2 . 


ote that the nondimensional gas constant R appears in these equations " 

aidimensionalized by p* T,. Internal to the code, pressure is nondtmensionaliied by p.u . . as 


the Proieus inpul *nd output, the pressure is 
described in Section 2 1 
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416 Computed Results. In Figure 1 the computed static pressure coefficient, defined as (p p,)/(p,u? /2g c ) is 
plotted as a function of 0 for both the Euler and viscous flow cases. Also shown are the experimental data of Grove 
Shair, Petersen, and Acrivos (1964), and the exact solution for potential flow. The Proteus results agree well with 
the data for the viscous flow case, and with the exact potential flow solution for the Euler flow case. 



Figure 1. Pressure coefficient for flow past a circular cylinder. 


4.2 TRANSONIC DIFFUSER FLOW 

In this test case, two-dimensional transonic turbulent flow was computed in a converging-diverging duct. Tur- 
bulence was modeled using the Baldwin-Lomax model. The flow entered the duct subsonically, accelerated through 
the throat to supersonic speed, then decelerated through a normal shock and exited the duct subsonically. The com- 
putational domain is shown in Figure 2. 



4.2.1 Reference Conditions. The throat height of 0.14435 ft. was used as the reference length L r . The reference 
velocity u r was 100 ft/sec. The reference temperature and density were 525.602 °R and 0.1005 lb m /ft , respec- 
tively. These values match the inlet total temperature and total pressure used in other numerical simulations of this 
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flow (Hsieh, Bogar, and Coakley, 1987). 

4.2.2 Computational Coordinates. The x coordinate for this duct runs from -4.04 to +8. 65 .The Cmesiancoordi^ 
nates of bottom wall are simply y = 0 for all x. For the top wall, the y coordinate is given by (Bogar. Sajben. and 

Kroutil, 1983) 




1.4144 

acoshf /(cr-l+coshf) 
1.5 


for x £ -2.598 
for -2.598 <x <7.216 
for xet 1216 


where the parameter f is defined as 




C,(x/x,) [l + C 2 x/x,] 


(i-x/x,y 


c. 


The various constants used in the formula for the top wall height in the converging (-2.598 <x SO) and diverging 
/a ^ Af (Via Huai arA cn wn in thp fnllnwinc tabic.. 


Constant 

Converging 

Diverging 

a 

1.4114 

1.5 

JC/ 

-2.598 

7.216 

c, 

0.81 

2.25 

c 2 

1.0 

0.0 

c 3 

0.5 

0.0 

C« 

0.6 

0.0 


A body-fitted coordinate system was generated for the duct, with 81 points in the x duecuon and 51 points m the 
y direction. The coordinate system is shown in Figure 2. For clarity, the grid points are thinned by facmrs of 2 and 
10 in the x and > directions, respectively. Note that for good resolution of the flow war the normal *ocMk|^ 
defining the computational coordinate system is denser in the x direction in the : region just 

In the y direction, the actual computational mesh was tightly packed near both walls to resolve the turbulent boun- 
dary layers. 

4.23 initial Conditions. The initial conditions were simply zero velocity and constant pressure and temperature. 
Thus, u = v = 0 and p = T = 1 everywhere in the flow field, 

4.2.4 Boundary Conditions. This calculation was performed in three separate runs. In the first run. the exit stauc 
pressure was gradually lowered to a value low enough to establish supersonic flow throughout the diverging portion 
of the duct. The pressure was lowered as follows: 


P(0 = 


10.99 

-2. 1405xKT 3 n + 1 .20405 
0.1338 


for 1 <« £ 100 
for 101 £/i £500 
for 501 £n£ 3001 


where n is the time level. The equation for p for 101 £ a £ 500 is simply a linear interpolation between p = 0.99 and 
p - 0.1338. In the second run, the exit pressure was gradually raised to a value consistent with the formation o a 
normal shock just downstream of the throat. Thus, 

J3.4327xl0~*n- 0.89636 for 3001 < n < 5000 

^ (,)= ]0.82 for 5001 £n £6001 

ht 

Again, the equation for p for 3001 < n < 5000 is simply a linear interpolation between p = 0.1338 and p = 0.82. In 
the third run, the exit pressure was kept constant at 0.82 for 6001 <n< 9000. 
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The remaining boundary conditions were the same for all runs. Ai the inlet, the total pressure and total tempera- 
ture were set equal to 1 , and the y-velocity and the normal gradient of the ^-velocity were both set equal to zero. At 
the exit, the normal gradients of temperature and both velocity components were set equal to zero. At bo* walls, 
no-slip adiabatic conditions were used, and *e normal pressure gradient was set equal to zero. 

4 2.5 Numerics. The case was run using a spatially varying time step. The local CFL number was 0.5 for the first 
two runs, and 5.0 for the third run. The nonlinear coefficient artificial viscosity model was used. For the first two 
runs, the coefficients *® and e m were 0.1 and 0.005, respectively. For the third run. e w was lowered to 0.0004. 

The convergence criterion was that the absolute value of the maximum change in the conservation variables 
AQ^ be less than 10 -6 . At *e end of the third run, *e solution had not yet converged to *is level. However, 
close examination of several parameters near *e end of *e calculation indicates that the solution is no longer 
changing appreciably with Ume, but oscillates slighUy about some mean steady level. This type of result appears lo 
be fairly common, especially for flows with shock waves. The reason is not entirely clear, but may be related to 
jnyW|naip mesh resolution, discontinuities in metric information, etc. For this particular case, *e cause may also 
be inherent unsteadiness in *e flow. The experimental data for this duct show a self-sustained oscillation of the 
normal shock at Mach numbers greater than about 1.3 (Bogar, Sajben, and Kroutil, 1983). 

4.2.6 Computed Results. The computed flow field is shown in Figure 3 in *e form of constant Mach number con- 
tours. 



Figure 3. Computed Mach number contours for transonic diffuser flow. 

The flow enters the duct at about M = 0.46, accelerates to just under M - 1.3 slightly downstream of the throat, 
shpcitt down to about M = 0.78, then decelerates and leaves the duct at about M = 0.51. The normal shock in the 
throat region and the growing boundary layers in *e diverging section can be seen clearly. Because this is a shock 
capturing analysis, the normal shock is smeared in the streamwise direction. 

The computed distribution of *e static pressure ratio along the top and bottom walls is compared wi* experi- 
mental data (Hsieh, Wardlaw, Collins, and Coakley, 1987) in Figure 4. The static pressure ratio is here defined as 
p/(pr)o, where (p r )o is *e inlet core total pressure. 
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Figure 4. Computed and experimental static pressure distribution for transonic diffuser flow. 


The computed results generally agree well with the experimental data, including the jump conditions acrossth 
normal shock. The predicted shock position, however, is slightly downstream of the experimentally measured posi- 
tion The pressure change, of course, is also smeared over a finite distance. There is also some disagreemen 
between analysis and experiment along the top wall near the inlet. This may be due to rapid changes in the wall 
contour in this region without sufficient mesh resolution. 

43 TURBULENT S-DUCT FLOW 

In this test case, three-dimensional turbulent flow in an S-duct was computed using first the Baldwin-Lomax 
algebraic turbulence model and then the Chien k-e turbulence model. The S-duct consisted of two 22.5 bends with 
a constant area square cross section. The geometry and experimental data were obtained from a test conducted by 
Taylor, Whitelaw, and Y ianneskis ( 1 982). 

43.1 Reference Conditions. The default standard sea level conditions for air of 519 °R and 0.07645 lb,* /ft 3 were 
used for the reference temperature and density. The specific heat ratio y, was set to 1.4. Since the ^experiment was 
incompressible, the reference Mach number M, was set equal to 0.2 to minimize compressibility effects and, at the 
amf time, achieve a reasonable convergence rate with the Proteus code. In the experiment, the Reyn " um r 
based on the bulk velocity and the hydraulic diameter was 40,000. This value was therefore used as the reference 
Reynolds number Re, in ie calculation. The reference length L r was set equal to 0.028658 ft. This value was com- 
puted from the definition of Re r , where M r and Sutherland’s law were used to compute u r and fi r , respectively. 

433 Computational Coordinates. Figure 5 illustrates the computational grid for the S-duct created using the 
GRIDGEN codes (Steinbrenner, Chawner. and Fouts, 1991). For clarity, the grid is shown only on three of the 
computational boundaries, and the points have been thinned by a factor of two in each direction. The _ boundary 
grids were first created using the GRIDGEN 2D program. The 3-D volumetric grid was then generated from the 
boundary grids using GRIDGEN 3D. 
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Figure 5. S-duct computational grid. 


The computational grid extended from 7.5 hydraulic diameters upstream of the start of the first bend, to 7.5 
hydraulic diameters downstream of the end of the second bend. The grid consisted of 81 x 31 x 61 points in the 4, q, 
and C directions, respectively. Since the S-duct is symmetric with respect to the q = 1 plane, only half of the duct 
was computed. To resolve the viscous layers, grid points were tightly packed near the solid walls using the default 
packing option in GRIDGEN 2D. At the grid point nearest the wall, the value of y * was about 0.5. 

4.33 Initial Conditions. The computations were done in two separate major steps: a calculation using the 
Baldwin-Lorn ax turbulence model and a calculation using the Chien k-e model. To start the Baldwin-Lomax calcu- 
lations. the default initial profiles specified in subroutine IN1T were used. Thus, the static pressure p was set equal 
to 1.0, and the velocity components u, v, and w were set equal to 0.0 everywhere in the duct. To start the Chien k-e 
calculations, the initial values of u, v, w, p, and the turbulent viscosity p, were obtained from the Baldwin-Lomax 
solution. The initial values of k and e were obtained using the default KEIN1T subroutine in Proteus. 

43.4 Boundary Conditions. For both calculations, constant stagnation enthalpy was assumed, eliminating the 
n eed for solving the energy equation. Therefore, only four boundary conditions were required for the mean flow at 
each computational boundary. In addition, for the Chien calculation, boundary conditions were required for k and e 
at each computational boundary. 

For the Baldwin-Lomax calculation, at the duct inlet the total pressure was specified as 1.02828, the gradient of 
u was set equal to zero, and the velocities v and w were set equal to zero. The inlet total pressure was calculated 
from the freestream static pressure and the reference Mach number using isentropic relations. At the duct exit, the 
static pressure was specified as 0.98416, and the gradients of u, v, and w were set equal to zero. The exit static pres- 
sure was found by trial and error in order to match the experimental mass flow rate. At the walls of the duct no-slip 
conditions were used for the velocities, and the normal pressure gradient was set to zero. Symmetry conditions 
were used in the symmetry plane. 

For |he Chien calculation, the boundary conditions for the mean flow were the same as for the Baldwin-Lomax 
fimiatinn with one exception. At the duct exit, the value of the static pressure was changed slightly, from 0.98416 
to 0.98474, again in order to match the experimental mass flow rate. For the k-e equations, at the upstream boun- 
dary the gradients of the turbulent kinetic energy k and the turbulent dissipation rate t were set equal to zero for the 
first 20 time steps. After that time, the values of k and e were kept constant. At the downstream boundary, the gra- 
dients of k and e were set equal to zero. No-slip conditions were used at the solid boundaries, and symmetry condi- 
tions were used at the symmetry boundary. 

433 Numerics. Both the Baldwin-Lomax and Chien calculations were run using a spatially varying time step. 
Since the flow field for the Baldwin-Lomax calculation was impulsively started from zero velocity everywhere, 
large CFL numbers specified at the very beginning of the calculation might result in an unphysical flow field and 
cause the calculation to blow up. Therefore, the calculations were run with a CFL number of 1 for the first 100 
iterations, 5 for the next 200 iterations, and 10 for the remaining iterations. A total of 4,000 iterations was used for 
the Baldwin-Lomax calculation. 
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iterations. A total of 2.520 iterations was used for the Chien calculation. _ 

TTie constant coefficient artificial viscosity model was used for both cases, with «. = 2 andcl 

The onwogence criterion was that the average residtud for B^'S^rinne- 

culations were stopped before reaching this level of convergence w ^ average residual at the end of the 

tees indicated that the solution was no ton^hangtn, >1^'^ ^ „ 3xl(r s o* continuity equation. 

rrr rrr iTafutr. 3“ ~ 

rion.ForbothcasesthetesidualswerecontinuingtoilropwhenthecalculanoitsweresBweo 

O.fi Computed Kesu.ts ,. In Fig*e 6 *r - 
total pressure contours at five stauons through the duct O* _ P® Ytaaorn of the duct initially thickens due to the 
shown.) As the flow enters the first bend, th« • tountery ^ y * at ^ outside (bottom) of the first 
locally adverse pressure gradient m that region. In ffli S-d . 8 whUe ^ ^ flow responds to cen- 

bend drives the low energy boundary layer toward the 1 s ( P> res J h is a ^ of COU nter-rotating secon- 

uifugal efTects and moves toward the outside (bottom) o secondary flows cause a significant amount of flow 
dary flow vortices in the upper half of the cross-secuon. These secondary nows cause 

distortion, as shown by the total pressure contours. 

th. second bend, the direction of .he cross-fiow 

upper half of the cross-section. However, the ow enters e the too of the duct, in agreement with classical 

— 81 ^ ■* ° f 11,6 - a - d ** is iypical of 

S-duct flows. 



Figure 6. Computed total pressure contours for turbulent S-duct flow. 

in Figure 7, the calculated wall pressure disuiburion u compiuod widr 
tdaw. and Yianneskis (1982), The agreement ts very good. Bod; “rto l»« ^ same as those 

sure trend and the pressure loss along the duct. The r and r coordinates noted in me .eg 
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defined by Taylor, Whitelaw, and Yianneskis. 



Figure 7. Computed surface static pressure distribution for turbulent S-duct flow. 


In Figure 8, the experimental and computed velocity profiles in the symmetry plane are shown for the five 
stream wise stations that were surveyed in the experiment. These survey stations are at the same locations as the 
total pressure contours shown in Figure 6. The agreement between computation and experiment is excellent for 
both turbulence models. The asymmetry in the velocity profiles due to the pressure induced secondary morion is 
correctly predicted. 
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Streamwise velocity, 


Figure 8. Computed streamwise velocity profiles for turbulent S-duct flow. 


5. CONCLUDING REMARKS 

Hie Prouus (wo- and three-dimensional Navier-Stojmtr "rf tew^d^statf 

development work on .he Froteur code, is being done to add a mnhiple-aone grid capabili.,. a mnlti- 
grid^convergence acceleration capability, and additional turbulence modeling opoons. 

. .. j: n(T . /t\ cmveral siroolified flows for which exact 
A wide variety of validation cases have been ran, in g_ n j flows; lw0 . and three- 

Navier-Stokes solutions exist; (2) laminar an tur u . ... ,,-shoek waves* (5) steady and unsteady flows past 
dimensional driven cavity flows; (4) flows with normal and ^3ar ducts; (7) steady and 

a cylinder. (6) developing laminar and uirbulent flows (9) turbulent flow on a flat plate 

c ( r; - — - 

flows with heat transfer. 
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SUMMARY 


This paper illustrates how the use of a «neral analyst > ‘ cSSw 

SSSSf b«nused«,» 0 del sever* 

fluid subsystems of the Space Shuttle Orbiter. 

INTRODUCTION 

Modeling complex 

iL^Tatotod wnth numeraal inteption of toe 

system, and post-processing of the results. Thus, there cms« a eea_ eaSY 5 
combines these processes into a single package. BeeuigGoinp £ itS^ffcctively 
Sysis programhas been found m be one wh to 

^;SSS5“&“^s%g»ns for system mulysis « highiy efficient 

method routines. The features of this SSTbe run using one of 
linear analysis capability* Nonlinear time-domain simulations %• 

SS^ffemnVbtegr^on methods. Tins package also has the 

SSSSs" ^pS^which can provide plots of 

results for the different types of analysis. 

While any of the systems that could be modeled using EASY5 
using TORTRAN, thistype of software represents a convenient combination of many of 
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the tools which the analyst requires and significantly reduces time required to develop a 
new system simulation. 



Write Governing 
Equations 


Select Best Integration 
Routine 





Verify Runs 


Discretize System 


t 


i 


Plot Results 


Run Model 


Figure 1. Flow chan of EASY5 modeling process. 


THEORY 

Most fluid/mechanical systems can be classified into subsets of similar components: 
pipe flow, pipe intersections (tees and crosses), orifices, volumes, and spring-mass 
systems. If the modeler has subroutines defining these components, they can be combined 
to represent complicated systems. 

The basic building blocks for the fluid flow subroutines, or macros in EAS Y5 
terminology, are the transmission line equations (ref. 1). The equations are listed below 
(see Figure 2 for notation). 


Ij mj = Pj - P i+1 - Rfilmilmi 

• • • 

Q Pj = mj.i - mj ; i = 1, N 

where: 

I| = inertance of the i* fluid element, 

Cj = capacitance of the i^ 1 fluid element, 

m^ * mass flow into the i+1 element, 

Pj = pressure at the center of the i^ 1 fluid element 
Rfl = resistance, 

N = total number of fluid elements used to model a line segment 

For a unif orm line modeled with equal-length elements, die inertance, capacitance, 
flow resistance and temperature equations are the same for all elements and arc given by 
(assuming one-dimensional flow and isentropic behavior): 


( 1 ) 

( 2 ) 


I 



(3) 
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( 4 ) 


C = — 
7 RT 

_ _ RT 

f 2A 2 P 



T 



(5) 

( 6 ) 


where: 

L = fluid element length 
A = flow area 

y = polytropic process exponent 
T = temperature 
R = gas constant 

f « friction factor (pipe flow) 

D = line internal diameter 

L e = equivalent length for minor losses 


_s KBSStwarKaBs* - 

fluid. , 



Figure 2 . Typical discretization of a fluid line segment 


The standard transmission line equations can be modified to ^^^^^^^'hc'iMdeled 
and oos^by^dngadditional flow Equations. Volumes of changmg size can be modeled 

using Equation 7, which assumes an isentropic process. 

P«tfmRT-PVyV C?) 

The mass flow rate through an orifice is given by the familiar relationship (ref. 2) 
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where Cp = orifice discharge coefficient, A = orifice area, and die subscripts 1 and 2 

denote pressureAemperature upstream and downstream, respectively. A valve can be 
modeled using a variable area orifice. To approximate the opening of the valve, it has been 
found that varying the area using a hyperbolic tangent function yields the best results. 
However, any type of continuous or discrete function could be used as long as the rates of 
change within the model do not become too large for die integration step size. 

Because EAS Y5 requires systems of first order differential equations, spring-mass 
systems are modeled by breaking the system's second order differential equations into first 
order equations. For example, die governing differential equation for a spring-mass- 
damper system, 

x = -(cx + kx - F(t))An 

may be replaced by the following two first-order equations: 

v = -(cv + kx - F(t))/m 
x = v 


(9) 

( 10 ) 
( 11 ) 


APPLICATION 

An EASY5 macro is very similar to a FORTRAN subroutine. The macro contains the 
code required to describe the behavior of a single model element, e.g., a transmission line 
element, spring-mass combination, etc. The parameters which define the physical 
characteristics of the element are inputs to the macro, as are the boundary conditions for 
that element as calculated by an adjacent element. The outputs of die macro are the values 
calculated using the code within the macro and the specified inputs. A model is then built 
by linking a series of macros together using their inputs and outputs. 

For example, consider the three element section of a model shown in Figure 3. An 
acoustic line is being modeled using a macro named TR' (EASY5 macro names consist of 
2 characters). The acoustic line macro is a combination of die pressure/flow differential 
equations, iscntropic temperature relationship, and a curve fit of the Moody diagram. The 
macro first calculates the current temperature assuming an isenttopic process. Next, the 
macro uses a logic block to determine which way flow is moving. After the flow direction 
is determined, the friction factor is calculated using die Reynolds Number and die 
equations describing die Moody diagram. The flow and pressure derivatives are then 
and integrated. These outputs are then used as inputs to other elements. 
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Figure 3. Acoustic Line Connection and a Simple Three Element Model 


When modeling an acoustic line, the line is broken up into a series ^ckment^ The 

Sest-kb saeSS- 1 ' 

pressure of the next line element must be inputs to the current line dement. 

A long length of line c*> tequira » l^SijThSSon 

In order tominimize the effort required to build the imxi^ a mvd^re etttneru^ m 

UntA aMA/Wn tt/QC HAVAiAmH The code internal to the macro is set i® / 


of a system. 


The time steD u sed for nonlinear time-domain simulations varies dep ending on die 
the model. The ootimum time step is found through sniterativ .eJn £ft#i Ailniet 


integration dmestep <o to large rates ofd^ToorataU 
of a time step can ^excess of 

ssassssEfcs 3 *" 

considered. 
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(12) 



where At is the time step size, Ax is the element length and c is the speed of sound of the 
media being modeled. A detailed explanation can be found in reference 3. 

EAS Y5 offers several different types erf integration algorithms. These include: 


Fixed-Step 

Euler (1st order) 

Huen (2nd order) 

Fixed-Step Runge-Kutta (4th order) 


Variable Step 

BCS Gear 
Adams-Moulton 
Stiff Gear 

Variable-Step Runge-Kutta 


The variable step integration schemes adjust the integration step size based on how fast 
the system states are changing. Ideally, these methods would be desirable for use since 
they represent a potential execution time savings. However, it has been the authors' 
experience that the variable step methods are not particularly compatible with the macros 
that have been developed to model fluid systems, due to die quadratic damping term and the 
large pressure derivatives associated with small elements. Typically, the integrator ends up 
iterating excessively trying to optimize the step-size, thereby gready increasing the 
execution time. Good results have been obtained using the variable-step methods on 
spring-mass systems. 

Another nonlinear analysis feature of EAS Y5 is steady state analysis. The steady state 
command returns the equilibrium operating condition of die model. The model rates of 
change are essentially zero for this analysis. 

EAS Y5 is also capable of linear dynamics analysis. This is done by linearizing the 
sta te equati ons in the model by perturbating them about the operating point to create a linear 
perturbation model. This linear model can then be used for other types of analysis such as 
transfer function, root locus, closed loop eigenvalue and other frequency domain analyses. 


EXAMPLE 1 - 750 PSIA MPS HELIUM SUPPLY REGULATOR 

Background 

In this example the authors were asked to investigate a problem with the Space Shuttle 
main propulsion system (MPS) 750-psia helium pressure regulator. Two regulator 
experienced full-open failures due to high frequency (900 Hz), b*gh amplitude oscillations. 
The failures took place on a new test stand which was constructed to replace die original 
regulator qualification stand after it was destroyed in the collapse of die building in which it 
was located. 

The authors were tasked to develop dynamic models of die test stand as well as models 
of all three MPS engine helium supply system configurations utilizing an existing model of 
the regulator developed by the vendor. The purpose of the models was to determine the 
source of the oscillations, evaluate potential for oscillations on the Orbiter, and to test 
possible solutions for correcting the problem. 
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Mnrtr 1in f Effcgl 

The EASY5 software was <* 

directly convert the vendor’s regulator "“^““5. « aBU ide EASY5 macros of the 
created with EASY5 macros using the to represent the 

components discussed in model consisted SoMSpring- 

SBKSfflSi SMgSSj^ssj--- 

in the regulator were modeled by using bi-hnear springs. 


imnstage 

OOLSPRMG 
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POPPET 
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ASS8CLY 
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BB1EV1LE * 
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CONTROLLER 

ASSEMBLY 


BELLOWS 


Figure 4. MPS helium supply regulator schematic 


Analysis 

Using the transfer function option of EASY5.it was 

35SS^SSS«Sfe’ 

range. 

ssjsssssasggg^ 

1000 degees-of-fieedom. 
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Figure 5. Diagram of Engine 1 helium supply system 


The EASY5 model of the regulator was used to guide and evaluate design changes 
proposed by the vendor. The final design showed stable operation in both teste of actual 
hardware and in numerical time simulations with the math model. Figures 6 and 7 show a 
Bode plot and simulation results of the regulator before and after die redesign. 

■ Original Design • New Design 



Figure 6. Bode plot of regulator outlet pressure to controller pressure transfer function. 
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Regulator Pressure Prior to Redesign 


l 


i 



Regulator Pressure After Redesign 


Figure 7. Tune simulations of the regulator before and after redesign. 


EXAMPLE 2 - PRCS THRUSTER 

sta b ility of the thruster. 

Baric ground 

Combustion stability testing of the PRCS thmtni nvojves ££ ifnot 

nrooellant feedlines in order to provide a combustion disturbance. The - 

^“Unty. 

nvvM was desired to predict the amount of hehum ingested . by . j" of w hich 

propellants for the thruster are monomethylhydrazme and nitrogen tetroxide, both o 
arc liquids at the operating pressure and temperature. 


Modeling 

tv. rra «tand models were developed using macros similar to those used for the MPS 
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phase (see Figure 8). The two-phase macros assume a homogeneous gas-liquid mixture, 
ideal and isentropic behavior of the gas phase, and are based on equation (13): 


TRTmg + 


P = 


ym£ 

Pi 


V g + 


YV,p 

B 


(13) 


where 

B = liquid bulk modulus 
Vg * gas volume of element 

mg = mass flow of gas 

mj = mass flow of liquid 
Pl = density of liquid 



Figure 8. Schematic of PRCS Test Stand Model 

Initial si m ul atio ns used a time history table of thruster chamber pressure measured in 
test firings as rite boundary condition at die end of the propellant feedline. Based on the 
steady state flow rate and pressure drop, die resistance of the line could be fine-tuned to 
achieve the required flow parameters. Time-domain simulations used fourth-order Runge- 
Kutta as the integration method, with an integration step size of 1.0E-05 seconds. 
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Results from these models were in the form of time 
simulations was ^ uu in ^ p a ri»n Figure 10 show* the helium ingestion 

&£SSaZ8Si&& ££%*£&** of toe; » *« *»***»£** 

S^tf the Him would build as the cat fina* aaquence mfnwd. 



Figure 9. Typical simulation result 
WSTF TS 405 USING POO TANKS 



Fvrriution of jh& PRCS Models 

The PRCS modeling effort expanded beyond the scope of 
In order to understand the mechanism behind the low fequency (0^.000 ftt)^g male 
SSeAm^, a more detailed model of the thruster 

developed. The valve model is similar in conapt to the A^^hamcal n^devek^ 
jr_ »kJ iltpq mcmlator task Variable area orifices were used to represent the opening ana 

poppetmoved The “ 
renresented by tabdar data taken from tests conducted dunng the valve ^vclopment 
SrX around the poppet seals are simulated by no. allowing the vanabfe 

area orifices to close completely. 

A diaeram of the model schematic is shown in Figure 11. Test sand vib rati on, which 
may contnGre to some of die high amplitude pressure and accelcranon oscillanoos 
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observed during tests, is included in the model. The test stand is mealed as a single degree- 
of-freedom system having mass, stiffness, and damping characteristics close to that of the 
stand. Test stand motion is applied to the fluid system through macros which have moving 
boundari es The test stand velocity is applied to these elements as an element wall velocity, 
which drives the element pressure derivative. Also included in the model is the combustion 
timelag. The flow out of the last injector element is delayed from combusting (expanding 
into gas) by a specified amount of time. This is accomplished through an EAS Y5 
continuous delay macro. The chamber pressure is calculated based on the capacitance of 
die chamber, the amount of fuel and oxidizer flowing into the chamber, and the amount of 
gas flowing out of die chamber. The amount of gas flowing out of the chamber is 
determined using the characteristic velocity (c*). 

Due to the small size of die injector, vety small elements were necessary to obtain die 
required fidelity. The size of these elements dictated that the integration step size also be 
smalL The optimum step size was found to be IE-07 seconds, using fourth-order Runge- 
Kutta as die integration method. 



Tha chambar pr— ura obtainad from tha optnburfon modal 1 nw — 
boundary condition lor tha tojadom. Tha tw* a UMd m a foroinfl f unction for 
tha M atand maaaAtf Ifnaaa modal. 


Figure 1 1 . Schematic of detailed PRCS thruster model. 
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CONCLUSIONS 


The use of a general analysis package for fluid/mechanical system 1 

demonstrated The general transnussion line te J^dinto tfieEASY5 analysis 
odier fluid system components have been successfully Integra ... . DOS t. 

analyzing and eliminating causes of adverse dynamic interactions. 

NASA-JSC Propulsion Branch is cMtoutag ““f^J^prfSS^quick 

mechanical systems. 
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SUMMARY 


“XlnTvdociv and pressure oanlUuon. ab.ym~.ttow 
conditions. It is shown that the flow rate eigenvalues are the . 

eSXes and the relationship between line pressure J** “ 

established. A volume at the end of each branch is c ^>^^chaUows y 
combination of boundary conditions, from open to closed, to be used. 


include 


The Jacobi iterative method is used to compute undamped natural frequencies and 
Seriated prcssurc/flow modes. Several numerical e^ples arc p^n^U^h 
JSrZjes for the Helium Supply System of the Space Shuttle Ofbtter Mam 

Propulsion System. 

I. should be noted that the method presented herein can be applied to any one-dimensional 
acoustic system involving an arbitrary number of branc s. 

INTRODUCTION 

Often ^ the analysis of dynamic responses of piped fluid networks, 
took" at acousticmode shapes and frequencies of the system of 

££ to the initiation of mdre deoiled diagnosj resting ormodchn g efforo^l^ ledge of 
the fundamental and higher order response mode frequencies of the*J **?",. « th 

armhSsaltows for rapid assessment m modes which may couple 
^ iS^tSd check valves. This provides valuable 

troubleshooting dynamic problems with these types of tenets. measure and 

and flow mode shapes can provide guidance on posmorung of high 
fow transducers dining testing. Such information can be used to infer njjJa 
ZSSSSSi Sdonsln regions of d« fluid 

made due to various practical limitations typically encountered on operational systems. 

course of diagnostic studies of several dynamic phenomena with regulators, 
es, propellant feed systems and rocket engines of ti 


During the 
check valves 


U1ICUUUIV1UI ”»*** P 

•the Space Shuttle Orbiter 
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spacecraft over the last four years, the authors developed a systematic fluid element 
approach to the analysis of related piped fluid networks. These modeling procedures were 
incorporated into a FORTRAN computer program called ACLMODES. 

This paper presents derivations of basic building block equations used in the program, 
illustrates numerical accuracy of the computer code on several problems with known 
closed-form solutions and illustrates how the program was used to analyse several dynamic 
phenomena associated with piped fluid networks of the Otbiter spacecraft 


GOVERNING EQUATIONS 

The basi c ^rations employed in this paper are the familiar pneumatic/hydraulic 
transmission line equations which govern one-dimensional transient flow. These equa tio ns 
for an unbranched acoustic line are first re-cast in matrix form. Then, this matrix 
formulation is generalized for systems of branched acoustic lines, referred to as "fluid 
networks". 


Matrix Form of Equations for Unbranched Acoustic Lines 

The ordinary differential equations governing one-dimensional flow of an ideal gas, in 
terms of volumetric flow, are (see Figure 1 for notation) 

liQi - ^ - Pi + i - RfiiQiiQi 
q p, = Qm - Q, ; i-i.N (2) 

where: 

I| & inertance of the i* fluid element, 

Cj = capacitance of the i^ 1 fluid element, 

Qj = mass flow into the i+1 element, 

Pj = pressure at die center of the i* fluid element 
Rg = resistance, 

N = total number of fluid elements used to model a line segment 

For a uniform line modeled with equal-length elements, die inertance, capacitance, and 
flow resistance are the same for all elements and are given by: 


«-* 

(3) 

c- 

(4) 

ypRT 


R f ' D ) 

(5) 
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where: 


L = fluid element length 
A = flow area 

7 * polytropic process exponent 

T = temperature 
R = gas constant 

p = density 

f « friction factor (pipe flow) 

D s line internal diameter 
i s equivalent length for minor losses 


It should be ttoted that Eq. (1) may be (2) is the 

ggg SSS to jE&o* of m Med g»- ^*“1“*”“' 

derived in References [1], [2], and [3]. 



C. 

Figure 1 . Typical discretization of a line segment 


n« sets of Eqs .( 1) and (2) may be written in matrix fonn in the special cue of R, ■ 0, that 
is, for the undamped system. The matrix equations are 

A Q + B P = Fj (6) 

CP • B T Q * F 2 W 

where the superscript denotes die transpose of the matrix, and. 


A = 





I 


N 


( 8 ) 
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( 9 ) 


-1 

1 

0 

o • 

• o 

0 

0 

-1 

1 

0 ■ 

•0 

0 

0 

0 

-1 

1 

... Q 

0 

0 

0 

0 

0 ■ 

-1 

1 

0 

0 

0 

0 • 

•0 

-1 


( 10 ) 


(Bd - -1, B jk1 - 1, otherwise B jj - 0) 



r°i] 



r p ii 

Q = < 

°2 

► • 
f 

p«< 

Pf 





.PnJ 


( 11 ) 



( 12 ) 


Differential Equations for Acoustic Lines with Branches 

Co nsi der a branched acoustic system such as that shown in Figure 2. The end volumes 
Vj, V 2 and V 3 arc used in the formulation for generalizing die boundary conditions. It 
should be noted (see Appendix A) that V * 0 represents a closed end while V« •• is an 
open end. 
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For simplicity, tUmping is neglect* in ^ 

1 , K, and N) and element j, where the branch connects to the main hne. The &«-orde 
equations for these special elements are: 


C X P X = 

P 

i 

O 

(13) 

c jpj = 

Qj i • Qj • Or 

(14) 

c k K = 

Qr-i 

(15) 

**• 

II 

Qn-1 

(16) 

I k Q, = 

P j ■ P K+1 

(17) 


= -Xl_ TheB matrix in this case (one branch) has the following structure: 
1 7RT 


B 

B 

B 


1 ! 
kj 
i i+1 


-1; i * 1, N ; i*k 

-1 

1 ; i - 1. N 


(18) 


Note that B is an N x (N + 1) rectangular matrix. 
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An example on the structure of B: 


j =2 

k = 4 
N = 7 


B 


(7x8) 

”l 1 0 0 0 0 0 0 
0-1 1 0 0 0 0 0 
0 0-1 1 0 0 0 0 
0-1 0 0 1 0 0 0 
0 0 0 0-1 1 0 0 
0 0 0 0 0-1 1 0 
0 0 0 0 0 0-1 1 


(19) 


The extension to acoustic lines with multiple branches, or fluid networks, is straight 
forward. Obviously, the structure of B depends on the numbering system used. 


Linearized Form of Governing Equations 
For small pressure/flow oscillations, it can be shown that 

A q + D q + E Q q = g, (20) 

C p + Hp + E p p = g2 (21) 

where A and C are given by Eqs. (8) and (9) respectively. The diagonal damping matrix D 
is defined by 



where * 2R fi Q° is the linear damping coefficient, Q° being the mean (steady) flow rate. 

Note that the vectors q, p, fj and f 2 are defined according to Eqs. (1 1) and (12), with Q, 
P, F, and F 2 replaced by q, p, f, and f 2 respectively. The matrices H, E q , E p , gj and g 2 
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( 22 ) 


in Eqs. (20) and (21) are given by 

H = B T A 1 D B 1 ' 1 C 

E q = BC j B t 
E p = B T A 1 B 

g, = \ • B C' 1 1 2 

g 2 - \ + B T A* 1 ( t x + DB^fj) 


(23) 

(24) 

(25) 

(26) 


ACOUSTIC MODES IN FLUID NETWORKS 

JLSSSLJ in • fl»idn«w™ k « g ov H «dby 


A q + E Q q = 0 
C p + E p p = 0 


(27) 

(28) 


where A, C, Eq and E p are 


defined by Eqs. (8), (9), (23) and (24) respectively. 


The eigenvalue problem associated with Eq. (27) is 

A X = X.q Eq X 


(29) 


where JL-, = -4 and X is a flow eigenvector or flow mode. 

°Vj 

The eigenvalue problem associated with Eq. (28) is 

CY = XpEpY 

where Xp = \ and Y is a pressure eigenvector or pressure mode. 
°>p 

It can be easily shown that 

“q = <°p 


(30) 


(31) 


and 


Y = C 1 B T X 


(32) 
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Computer Program ACLMODES 


A computer program, referred to as ACLMODES, was developed which computes the 
natural frequencies and associated flow rate/pressure modes for an acoustic line network. 
The program can accommodate any number of branches with any combination of boundary 
conditions (ranging from closed to open at each end). The input to die program is relatively 
simple due to its capability of generating acoustic elements with identical properties. 


The program employs die Jacobi Iterative Method to solve the eigenvalue problem defined 
by either Eq. (29) or Eq. (30). Line pressure modes are computed either directly from Eq. 
(30) or using Eq. (32). 


NUMERICAL RESULTS AND DISCUSSION 

Three examples demonstrating capabilities of die ACLMODES program are shown in the 
following paragraphs. The fust example is a comparison of a simple system's frequencies 
predicted by ACLMODES and the closed-form solution shown in Appendix A. The other 
examples are actual applications of ACLMODES on Space Shutde fluid line systems. 


Numerical Test Case 

Example 1 is a test case consisting of a 100 inch long pipe of 0.5 inch LD. filled with 
helium and a volume on both ends. Three different combinations of end volumes, shown 
in Table 1, were used. Note that all volumes are in cubic inches. Case A represents an 
open-closed boundary conditions and Case B a closed-closed. 



i 

I 

i 

n 

! 








01 

10 1 


Table 1. Volume sizes for ACLMODES test case. 


ACLMODES was used to determine the first three natural frequencies of each of the three 
cases. Each case was repeated with four different element lengths to evaluate solution 
accuracy versus number of line elements employed. The closed-form solution shown in 
Appendix A was then used to calculated the frequencies of die three cases. The 
ACLMODES results are shown in Table 2 together with the closed-form solution. 
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iH 
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M 
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601.06 
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401.24 

601.73 

aw.oj 
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— run — 
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H 

145.09 1 

322.36 

511.27 

145.10 | 

322.89 

513.81 

145.11 

322.96 

514.17 

322.98 

514.28 


Table 2. Acoustic Frequencies (Hz) of Cases A, B and C. 


Hk percent difference between the values ACLMODES predicted and that of the closed 
form solution arc shown in Table 3. 
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010 

0.41 

0.92 

0.01 

0.06 

0.15 
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0.01 

0.04 

77775 
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0.06 

0.78 

2.33 
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0.19 

0.59 

0.01 

0.03 

0.09 

U«vKJ 

0.01 

0.02 


Table 3. Percent Error of Cases A, B and C 

Compared to Closed-Form Solution 


~..i.~t U> obtain accurate numerical results is toUc < 0.5 whete <0 is the 'fT** 
Sffitequency of the mode sought in mdftec. L is the hne element length (inch) ami c b 

the speed of sound in the fluid (inch/sec). Figure 1 shows percent ercor versus o>Uc for 

values in Table 3. 


177 

















c 

Figure 1. Percent error versus tuL/c 

It can be seen that when the condition coL/c < 0.5 is not met die percent error is greater 
than 1. 


Test Stand Line Dynamics 

Stability testing of the Primary Reaction Control System (PRCS) thruster at the NASA 
White Sands Test Facility (WSTF) required that die test stand have similar line dynamics to 
that of the Space Shuttle Orbiter. This is because the PRCS thruster is a pressure-fed 
engine so the pressure recovery or waterhammer of the line governs the start-up transients. 
Therefore, a simple line having similar waterhammer characteristics to that of the aft PRCS 
feed system, which is a fairly complicated system with many branches and twelve primary 
thrusters (see Figure 2), was desired. 



Thrusters 


Figure 2. Schematic of the Space Shuttle’s PRCS aft fuel supply system. 
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The original idea was to use similar line diameters to that of thevel^le and^jwo^ 
distance from the supply tank to the thrusters as the test stand line ^ V 

^briwTSiat this would yield the same dynamics as the vehicle so a model of each 

configuration was constructed. 


was 



stand line was reconfigured to have the same 
system 




Fi*mt 4. First pressure mode of the Space Shuttle's PRCS eft fuel supply system. 
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Space Shuttle Main Propulsion System Helium Supply System 


The regulators in the helium supply system for Space Shuttle Main Propulsion System 
(MPS) were experiencing oscillations. These oscillations were seen both on test stands as 
well as on the vehicle. It was believed that the source of the oscillations was the regulators 
coupling with the downstream line acoustics. 


has its own helium 


A helium 




system consists of high 




rejoining and continuing on to the engine. A panel consist of a regulator and relief valve as 
well as several solenoids and check valves. Only the lines downstream of die regulators 
were of interest, so they were all that was modeled (see Figure 5). 



Figure 5. MPS Engine 1 helium schematic of lines downstream of regulators. 


Figure 6 through 8 show the first, fourth and eighteen pressure modes predicted by 
ACLMODES for the Engine 1 helium supply system. The fourth mode is shown again in 
Figure 9 as a flow mode. 
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Figure 6. First pressure mode of the Engine 1 helium 
lines downstream of regulators. 



Figure 7. Fourth pressure mode of the Engine 1 helium 
lines downstream of regulators. 

Figure 8. Eighteenth pressure mode of the Engine 1 helium 
lines downstream of regulators. 
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Figure 9. Fourth flow mode of the Engine 1 helium 
lines downstream of regulators. 


Not all regulators oscillated on the vehicle and those that did, oscillated at different 
frequencies depending on flow demand and number of regulators in use. One mode of 
oscillation was around 1 IS to 120 hertz, with the regulators oscillating out of phase with 
each other. This mode was predicted by ACLMODES and can be seen in Figure 7 and 
Figure 9. 

The pressure mode shapes were also used to determine if the pressure oscillations being 
measured by a transducer were representative of the oscillations at the regulators. This was 
done by examining the modes with frequencies near die frequency of interest and 
determining if the pressure amplitude at the transducer was being attenuated or amplified 
compared to that of the regulator. 


CONCLUSIONS 

The method presented herein has proven to be a very useful and accurate tool for 
determining dynamic characteristics of complex fluid networks, such as pressure recovery 
and oscillatory behavior. When implemented in a computer code and coupled with a 
plotting routine, this technique can graphically show vital information about the behavior of 
a fluid system impossible to obtain with hand ralpnlatinn^, 
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APPENDIX A 

Modes of a Straight Acoustic Line with General End Conditions 
The classical wave equation for a straight tube in terms of volumetric flow rate is 

c 2^2 « (A.1) 

dx 2 dt 2 

The boundary conditions for the system shown below arc derived from the continuity 
equation and the definition of fluid capacitance. 



The continuity equation is 



where 

p *s fluid density 
c = acoustic velocity 
Q ** volumetric flow rate 


P * pressure 
A - flow area 

But 

* C (Q in ’ Qo«) 


(A.2) 


(A.3) 


where C is the fluid capacitance which is given by 


Gas: 


V _ V _ V 
yP " 1RT " pej 


Liquid: 



(B = Bulk Modulus) 
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Substitution of (A.3) in (A.2) yields 


■- A e«v c w 


or. 




(A.4) 

For end 1, x = 0, 



Thus, 

iL ■ v Ql >-<> 

(A.5) 

Similarly, for end 2, 

v< 

tl 

r 



Q to *Ql,.L- CU-® 


from which 


(A.6) 

The general solution of Eq. (A.l) is 

Q(x,t) = T(t) (DjSin “ x + D 2 cos ® x) 

(A.7) 

where 

T(t) = BjSin cot + B 2 cosox 

(A.8) 

Substitution of conditions (A.5) and (A.6) into Eq. (A.7) leads to the following frequency 
equation 


1 + a -^ 
a 2 

ft tan ft = i 

ai 'c^ft 2 

(A.9) 
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e-3 



n\e 


▼ 1 T 2 

L is a nondimensional frequency, a i * al 811(1 °2 * At 

fipftrift 1 f<ASes 

1. V 2 -+ « (open end) 

1 

QtanQ = 

a i 

2. V 2 -> 0 (closed end) 

tan Q = - otj Q 
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THE PROCRAM FANS-3D (FINITE ANALYTIC NUMERICAL SIMULATION 
3-DIMENSIONAL) and its applications 

Ramiro H. Bravo 1 
Tri-State University 
Angola, Indiana 46703 

Ching-Jen Chen 1 
University of Iowa 
Iowa City, Iowa 52242 

SUMMARY 

In this study the program named FANS-3D (Finite Analytic Numerical Simulation - 3 

, ^ i u axiq ir> vl ' as designed to solve problems of incompressible fluid 

Dimensional) is with conducrion and convection 

nows mi p “visions for radiation and turbulent nows. It can 

modes of heat transfer in lam ' . It also solves problems in natural convecnon, 

solve singular or conjugate T*? » f medSSve he- transfer problems 

Sirrr-SSS-i ^e^tn^re^tedby^alp^in 

a S coordinate system. It can solve internal and external nows ustng appropnate 
boundary conditions such as symmetric, periodic and user specified. 

introduction 

The program FANS-3D solves one, two and three dimensional fluid flow and heat rosfer 

problems that involve conduction and convection modes of I heat *™ s “.“T 

iLi. .,, flow with provisions for radiative heat transfer and buoyant and turbulmt nows 1 al 

^TTprobtans in natural convection using the Boussinesq approxim-ion. 

Ae^omam may also solve mixed natural and forced convection problems Furthetmore, ttcan 
th p , r L t tranefer as well The program FANS-3D solves any geometry 

“'r^bT^c^ bycSo^pS.« 'n aC^esiS^ordinate system The ptogmm can 
solve internal and external Hows using appropriate boundary conditions mchas^romemc, 
and user specified. The progr-n is designed to have the s-ne pe tf.rm-.ce t n -1 
directions, in this wly, any problem can be solved in the most ccovmjmtonentwon. 

•y- FANS-3D is based on the 19-pomt Finite Analytic Method, it uses me 

SIMPLE^itCTarive method suggested by Van Doormal -id Raithhy (1984) to solve the coupW 
SSS The discretization of v-i.bles is done Mowtng a new stagger-1 gnd 
Theresulting system of algebraic equations is solved by different methods, tncludmg 

pm^r". graphic, and a common-. Theg^Mcs^l, 
named gLJh 3D, was written in FORTRAN 77 for Apollo woritstanons. This 
d^Uys the geometry of solution and the results in the three-dimensional space. These are 
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presented in the form of velocity vectors, profiles, and color contours with shading of any 
variable These eraphic results can also be sent to monochrome and color printers. 

computational modulo of the program is divided in two pans^Thc firs whtch, 
accessible lo the user, should be modified according to the problem. The second pan is fixed 
^es not require user intervention. These two parts must be bound togetfter to create the 
computational Tun' file. Both parts of the computational module m mtta tin 
FORTRAN 77 language. In this foim the program can be easily ported to almost any machine. 

THE STRUCTURE OF THE PROGRAM FANS-3D 

As mentioned above, the program FANS-3D is based on the 19 Point Finite Analytic 
Method The basic idea of this method is illustrated here. Details of its derivation are given by 
Bravo et. al. ( 1991 ). This method is derive for the general transport equation 

4>« + 4>n +§ z: = D$, + 2A $ X + 2B $ y + 2Ctyz-Sh ' 

using the Jaiytic solutions of simplified forms of it. To Stan, this equation is first locany 

lineuized in the three-dimensional element shown in figure 1. To this effect, 

“CD and the source tem. S are assumed constants and equal to them values at the center of the 

element, i.e. . _ , r 

d>ja + 4>w + 4>~ = Dpfyi + 2A p §x + 2Bpfy v + 2Cpty: S p , . 

The p subindices mean that these coefficients are considered constant inside the fd 

eqjto their values at the center ’p*. For example, if * is the u velocity component in a l^nmar 

flow and R the Reynolds number, then A p -Ru^2,B -Rv p /2,C Ky . p 

equation (2) is then solved in the planes x=0, y=0 and z=0 and shown in figur • 
nvo-dimensional solutions are combined to obtain the three-dimensional 19-potm finite analytic 

scheme. Details of this process are given by Bravo et. al. (1991). . - 

The solution of the coupled Navier-Stokes equations present an additional incom emence, 

there is no clear equation for pressure. To solve this problem many methods nave been 
developed. Notable examples are SIMPLE (Semi-Implicit Method [or Pres^Lmked 
Equations) of Patankar and Spalding (1972), SIMPLER (Patankar, 1980), S1MPLEC (Van 
Doorn^and Raithby, 1984) and P1SO (Issa et. al., 1986). Most of these methocB are generally 
known as pressure correction methods. The program FANS-3D uses the SIMPLER and 
SIMPLEC methods. The discretized system of equations when usedwith the Finite Analytic 

Method can be found in the works of Bravo (1987) and Aksoy (1989). . , 

Another major difficulty in the implementation of the numerical schemes t0 s ^ c 

fluid flow problems is the choice of a proper computational gnd. Clearly, it 
if one could discretize the governing equation using a gnd system that places all the flo 
variables scalar and vector, at the same physical location. Unfortunately, the use of such a 
nonstaggered grid system with a primitive variable formulation of the inMmpressible ^tions 
has beS shown to produce nonphysical oscillations in the pressure field (Pat^l980VA 
remedy to this problem is the use of a staggered grid system; first introduced by Harlot and 
Welch (1965). This grid distribution was used successfully m many codes andit is snll the most 
prevalent grid arrangement. There are many advantages of this type of staggered gnd 
arrangement. For a typical control volume, this discretized continuity thc 

differences of adjacent velocity components. The discretized gradient of P**"” 
momentum equation also contains adjacent pressure values. This arrangement P r ^ ts ^ 
occurrence of a wavy pressure and velocity fields in the numerical solutions. In the staggered 
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occurrence of a wavy pressure and velocity fields in the numerical solutions. In jhe 
Sd^gement, the pressure difference between two adjacent grids becomes the driving force 
for the velocity component at the cell face between these grid points Besides, the mass flow 
rate across each cell can be calculated without any interpolation for the relevant velocity 
component. The staggered arrangement of the grids also eliminated the need of specifying 

pressure boundary conditions on the walls. » 

However, the staggered grid arrangement has its disadvantages too. In this arrangemen . 

there are two distinct cells for the application of die finite anad^ic methwl to the 
two-dimensional momentum equation as shown in figure 3. This implies h 
two sets of finite analytic coefficients. In the three-dimensional problems three sets ot 
coefficients must be evaluated for the momentum equations, one for each v ^°^ c ®|^ onCn * 

This increases ihe CPU cost and memory requirement. The case of staggered gnds a 
htcrcasesJto difficulties i„ programming since different geomeffies parameters must be used for 

ch grid 

680 To solve these problems Rhie and Chou (1983) introduced a non-staggered grid 
arrangement. In the* method all variables are evaluated at the same location the center of each 
control volume. The pressure gradient in the momentum equation is still evaluated by 
subtracting the pressures between two non-adjacent nodes. However, to compu e 
equation, new velocity components on the volume faces are evaluated. These velocity 
Xncnts arc obtained by an in.crpolarion scheme basedonrhe “ 0 —^uabon_ U.s 
method apparently devised by Rhie and Chow (1983 was 

(1988) They called it the pressure-weighted interpolation method (PWIM). They repo 
the PWIM scheme predicts physically unrealistic velocities in regions of rapidly varying 

PFCS The first' successful application of a non-staggered grid arrangement to the ^ itea * alytic 
method was done by Aksoy ( 1 989) . Their method, called MWIM (Momentum Weighted 

Interpolation Method), is similar to the original Rhie and Chow t^foe 
a different interpolation scheme. The advantages and disadvantages of MWIM "c »mlar to the 
PWIM method. There is only one set of FA coefficients to be evaluated for ^m^en^ 
equations, reducing memory and computational time. However, using this m ♦ 
velocity components are also obtained in regions of strong pressure gradient. This problem is 

specially severe in coarse grid calculations. , , 

^To overcome the problem mentioned above, for the staggered and non-sttggered sterns, a 

new scheme is used in the program FANS-3D. In this new scheme, a staggered 

u sed K u t only one set of coefficients is evaluated. This method uses the staggered gnd 

arrangement, but it also uses the main concepts of the MWIM and PWIM meth . e new 

scheme evaluates only one set of coefficients at the center of each control volume (^ *&***>* 

The FA coefficients at the nodes of the velocity components are obtained 

of the coefficients obtained at the centers of the control volumes. Detaib of ^ ^NS^lT 

given by Bravo (1991). This method was folly tested and it is the method used in F 
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SOME APPLICATIONS OF THE PROGRAM 


Conjugate Heat Transfer in Lamina r Flow Bet ween Parallel Conducting Plates (Extended 
Grata Problem) 


The geometry of the problem is represented in figure 5, where folly developed flow 
between two infinite parallel plates is moving from left to right. The domain has a total length 
of 10H with inlet height of H. The parallel plates have a thickness equal to O.SH and are kept at 
constant temperature T n on their external surfaces. The flow enters at uniform temperature T f 
The conductivities of the solid and fluid are k t and k f The conductivity ratio R„ - k/k f 
determines the temperature in the solid fluid interface. If the conductivity ratio R k is very high, 
the temperature on this interface is very close to the external surface temperature T w . In this 
case, the problem is reduced to the original Gratz problem (Bravo, 1987). In general, the 
distribution of temperatures is determined by the peclet number Pe, and the conductivity ratio 
R k . 

The Gratz problem, when the temperature on the solid fluid interface is kept constant, was 
solved analytically by Prins, Mulder and Schenk (1949) and later numerically by Bravo (1987). 
The solution for the general conjugate heat transfer problem was later obtained by Mori, 
et.al.(1989). To solve the conjugate heat transfer problem, Mori et.al.(1989), represented the 
interfacial temperature distribution by infinite power series. They solved the governing energy 
equations for the solid and fluid domains using this temperature distribution as boundary 
condition. The Nusselt numbers, obtained by this procedure, were also presented in the form of 
infinite series. The major sources of error in their analysis are the truncation error during the 
evaluation of this infinite series and the simplification of the energy equation in the fluid flow 
domain. They assumed negligible diffosion in the longitudinal direction. 

To compare with the results of Mori et.al. a Peclet number of 500 was selected. Four grid 
sizes of 10x3x9, 20x3x20, 40x3x40 and 80x3x80 along the x, y and z directions respectively 
were used. Insulated boundary conditions were applied on the solid inlet and outlet boundaries. 
The outlet boundary condition for the flow domain was considered folly developed or dT/dx = 
0 . 0 . 


The dimensionless temperature, for this problem, is defined by 
0 = T ~ T * 


( 3 ) 


T f - T w . 

With this definition the dimensionless external surface temperature 0 W is equal to 0.0 and the 
dimensionless inlet temperature 0/ equal to 1 .0. The local Nusselt number Nu x is defined by 

Nu x = ^ 7 (4) 


where 


kj{Tf 0 - T m ) 


q / = heat flux at the solid fluid interface 
Tf, = temperature at the solid-fluid interface 
T w = external constant surface temperature 
T f - uniform temperature of the incoming fluid 


SrudA 


T m = mixed mean temperature defined by T m = \ UdA 
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with qf , - k g , a„d using the ink. heigh. H as reference length, equation can be reduced to 
its dimensionless form ^ ^ 

Nu * = 

where 6ft, = i i m , 9/o the dimensionless interface temperature and n* the dimensionless 

n0n ^e program FANS-3D finds the temperature 0 at each nodal point. The Nusselt number 
is evaluated from this temperature distribution and equation (5). 

"rib 6 m“T“ 0989) md VoftheZTcI^mrio R^t 0. there is 

m^^lent ^cement benvwMhctosoht ^y'^th/v^ueT^^ b^MOTi^^lham uiSe^^ 1 
FAMS-3D. for x values over Bdowx -02 ^e ata ^ ^ >t ^ CTtranM mu st 

ones given by the program FANS • nropram The lower values given by Mon 

go to infinity, which is correctly reproduc y P eauation used by them, which did 

ct. al. are probably due to the simplified vision of i R t emul to 100.0, 

not contain the diffusion term along the x re ^ on ‘ J00 q the conjugate heat transfer 

1000.0 and infinite are very ,he Nussilt number agree also 

problem behaves as the original Gratz p • . . (1989) They also coincide with the 

U well with the ~"d,ng «. . pven mcthwi 

values computed by Bravo (198) S P FANS-3D provides results that are 

(these values are not shown in the figure). The program FANS-3U proviocs 

reasonable and agree quite well with previous computations. 

^ ft nf»pgt e Heat Transfer in > Coropxl Ttot Exchan ge: 

transfer problem is aggravated b ®f au “ ®. e “S’" , ^hnion to die problem we use the 

dimensional conjugate heat transfer (Patankar Liu and Sparrow, 

concept of fully developed flow extended to these geometnm gadbecome 

W7V In this case, the velocity, a reduced pressure and a reduced texture Oeco 
periodic after some entrance length. The reduced temperature is defined by 

or v n*,y.z)- r » (6) 

0( x,y,z) = — T _f 

where r„is the bulk tmperalure at any ^ to t^di^^of *e * 

flow inside ducts of uniform cross section (Chap , )_ . ^ length L are 

temperature profiles at successive stream wise oeometry of this problem and 

assumed similar. Using this idea, it is possible to simplify *e gwm^ ot tn s p ^ 

reduce the computational domain to the one in front and back walls are 

view of this small domain is shown in figure 8. The temperature in tne iron 
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assumed constant and equal to Tw. The separation between the parallel plates is considered the 
reference length equal to L. The position of the fin and its dimensions are given in the same 
figure. The flow enters the domain in right hand side and leaves the domain in the left hand 
side, as shown by the arrows. The top and bottom surfaces are planes of symmetry. 

Assuming constant properties, the temperature field and velocity fields are decoupled and 
their solution can be obtained independently. The governing equations for fluid flow are of the 
same type of the standard transport equation (1) and the program FANS-3D can be used without 
any modification. 


To solve for temperature we define a new variable <|> given by 

w x 7\x,y t z)-Tw 
Mx,y,z) = 


(7) 


Tbi “ T w 

where T bi is the inlet bulk temperature and T w the external wall temperature. Using this 
definition and equation (6), the profiles of the dimensionless temperature at the <|> 0 at the outlet 
and <j), at the inlet are of similar shape with the outlet condition being a constant times the inlet 
condition, or 


<t>© = (8) 

where is the bulk exit temperature. To determine the profiles of temperature at the inlet and 
outlet, an iterative procedure is required. We start assigning the temperature at the inlet 
<j>,(x,_y) = $ bl =1.0, then the temperature on the outlet <J> 0 is obtained by solving the governing 
energy equation. Using the values of (j) 0 on the outlet the constant is calculated by 
numerical integration at the outlet boundary. Finally, the temperature at the inlet <J>/ is updated. 
This process is repeated until convergence is attained. All these steps are automatically 
performed by FANS-3D. 

Figure 9 shows profiles of velocity component u along the y and z directions at the inlet 
and outlet planes, as obtained by the program FANS-3D. In this figure we can recognize the 
periodicity in the velocity distribution and the three-dimensional character of the flow. The flow 
not only moves up and down due to die presence of the beam, but also moves to the left and to 
right. 

Figures 10(a) and 10(b) show the temperature profiles at three locations, at the inlet, on the 
beam and at the outlet. In these figures we can observe that the minimum dimensionless 
temperature <|> is located on the lateral walls. The maximum temperatures are on the plane of 
symmetry. The temperature inside the fin, also shown in this figure, is almost constant in each 
cross section, but increases towards the center between the plates. 

To study the effect of the fin, the pressure drop and the rate of beat transfer in this geometry 
can be compared with the ones for a fully developed flow between parallel plates. For example 
the pressure drop in the element of the heat exchanger, as computed by the program FANS-3D, 
is equal to -0.4565. For the equivalent situation, but without the fin the pressure drop is only 
-0.1200. Therefore, the increase in pressure drop due die fin is 280%. 

The total increase in energy content, when die fluid moves from inlet to exit is given in 
Table 1. This table shows the energy increase in the element of heat exchanger for water and air 
and compares it with the one in a fully developed flow between parallel plates. The effect of the 
fin is an increase in the global rate of heat transfer of 68.7% for water and 54.2% for air. An 
additional computation with an infinite conductivity of the solid showed a less than 0.2% change 
in the rate of heat transfer. Thus, to improve the design of the compact heat exchanger, it is 
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possible to reduce the thickness of the fro without significantly affecting the rate = of heat t «*» • 

but reducing the pressure drop. Furthermore, the analysis in the temperature dtstnbution sho 
that an staggered distribution of fins can be more effective than the regular one. 

fnn|np««g He»t Transfer in Electr onic Modules 

In this section, the combined effect of convection, and radiatiou in 

an array of electronic chips displayed in figure 1 1 .The chips 

non-participating gas flowing inside the passage. The program FANS-3D and the subroutine 
ANDISOR4 (Sanchez, Smith & Krajewski, 1990) were usedto study ' the 1 . 
three-dimensional convection part of the problem was solved' using *e : 19-point F'mteAnalytic 
Method and the radiation analysis using the discrete ordinates method < S “ che ^^ ,h * . 
Krajewski, 1990). Results showing the effects of convection alone, combined radiation and 
convection and the presence or not of a radiatively participating medium are presented. 

To simplify the solution fully developed periodic flow is assumed (see discussion [° rh 
previous problem). Using this concept of periodicity along the x direction " d 
of the planes of symmetry, the problem can be reduced to the element repressed. n figures 
1 Kb) and 1 1(c). The dimensions in centimeters of this element are given in figure 12. The : fluid 
flow ”in the positive x direction. The planes a, y=0.0 and a, y-1.5 are amstitarf pto» of 
symmetry; and the top and bottom walls are adiabatic. The inlet temperature of the fluid ts 
<^Sered equal to 305 K and the temperature of the blocks constant and equal to320fC 
surfaces are assumed black. The fluid is considered relatively non-participating transparent gas 
(air) with constant properties. The flow is considered laminar. 

The Navier-Stokes equations are decoupled from the energy Ration and the flmd field can 
be solved independently. The solution was obtained using the 
19-point Finite Analytic method. Once this solution was performed, the energy 
solved using the same method explained above for the compact heat exchanger. The coupling 
between radiation and convection is done through energy balances on the walls. The existing 
“eCfer code, ANDISORD4 (Sanchez, Smith & Krajewski, 1990), was used to solve 
for radiation. An S-8 implementation (80 discrete directions) of the 

applied. Although not required, the grids for the flow and radiation models are iden . 

fbe medium is non-participating, the divergence of the radiative beat fltut 

the transport and radiation model become explicitly deooupled. Implicitly, however, the two 

models are interdependent through the temperature field and the wallheat fluxes _ 

The results for the flow field computation are shown in figures 13 through 14 1 
velocity profiles for the u component are shown in figure 13 at two locations, at t hetnta 
center between the blocks. From these figure, we can appreciate that the h p 

blocks and the upper plate is similar to the velocity between two plates, or Poisemlle flow For 
Reynolds number of 100 the velocities between the blocks are quite small, 
velocity vectors on the back plane of symmetry. In this last figure, at the 
flow is rotating counterclockwise. Figure 15 show velocity vectors on a P lan ^ 
the blocks in the x direction. This figure shows that some fluid is entrained from the top of th 

blocks and is transported to the lower sides. . . 

Profiles of dimensionless temperature 4> on three different planes are shown in gur 
and 17. The temperature of the blocks is zero and the bulk inlet temperate iscqual loone . 
Figure 16 shows these profiles when convection heat transfer alone is considered. As we expect 
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the profiles are perpendicular to the top and bottom insulated plates. In this figure we can also 
appreciate that the fluid moving between the blocks has a temperature very close to the 
t emp erature of the blocks. Specifically, the fluid near the bottom wall has almost the same 
temperature of the blocks. The maximum dimensionless temperature (coldest dimensional 
temperature) is on the top insulated wall. 

Figure 17 shows dimensionless temperature profiles when convection and radiation are 
included. The temperature profiles are quite different from the ones discussed in figure 16. The 
maximum value of the temperature is in the center region between the top plate and the blocks. 
The top and bottom plates have an intermediate temperature between the temperature of the 
blocks and the temperature in the center region. The higher temperature of the top plate and the 
lower temperature on the bottom plate, compared with the convection case alone shown in 
figures 16, is because of the radiation effect. The top plate receives a net radiation coming from 
the blocks and the bottom plate. Because this plate is insulated, this arming net radiant energy 
is dissipated by convection, which is indicated by a positive slop of the profile at this point. The 
<|> profile has a maximum in the center region and decreases as we move closer the bottom plate. 
However, close to the bottom plate this profile increases again. This increase indicates that heat 
is transfer by convection from the fluid to the bottom wall. Because this wall is insulated, the 
same amount of energy is irradiated to the top wall. 

An energy balance when convection-radiation heat transfer was considered shows an 
increase on the rate of heat transfer of 49.1% compared with the computation considering only 
convection heat transfer. In this problem then radiation is a very important and must be 
considered. 

This final problem of electronic modules is an example of a three-dimensional 
conduction-convection-radiation heat transfer problem. Although conduction w r as not explicitly 
discussed, the problem was solved assuming infinite (10 M ) conductivity in the blocks. In this 
situation the blocks assume a constant temperature everywhere resembling an isothermal body. 
The convection and convection-radiation results show the potential of the program FANS-3D in 
the simulation of complex three-dimensional problems that include all modes of heat transfer. 

CONCLUSIONS 

This study shows the solution of complex three-dimensional problems that included 
conduction convection and radiation modes of heat transfers with the application of the program 
FANS-3D. The study of these problems also shows different types of boundary conditions from 
die simplest boundary when the values of the variable are assigned on the boundary, to 
symmetric and periodic boundaries. The solutions were presented in the form of vectors and 
profiles given by the graphics part of the program FANS-3D. This graphic program also 
displays contours that include shading. The difficulties in reproducing these colors do not allow 
the inclusion of these pictures in this work. 


194 



T,Wc 1 


- 

Water 

Air 

Pr 

1.76 

0.704 

k(W/m°C) 

0.6775 

31. 27x10*3 

AEwith fil/Cl 

0.07075 

0.15658 

AEparallcl plates^ 1 

0.04194 

0.10157 

Inc. % 

68.7 

54.2 



Figure 1 Finite Analytic Element 



Figure 2 19-point FA Method 
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Figure 4 Evaluation of FA Coefficients 
in the New Method 
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Figure 5 Domain of Solution for the Extended Gratz Problem 


NUx 



Figure 6 Local Nusselt Number at Different Locations 



(c) 

Figure 7 Heat Transfer Analysis in a Compact Heat Exchanger 

198 




i 



Figure 8 3-D View of the Element Shown in Figures 7 
(b) and (c) of a Compact Heat Exchanger 



Figure 9 Profiles of U Velocity Component on the 
Inlet and Exit Planes. 3-D View 
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(b) 

Figure 10 Temperature Profiles on Three Different Planes 
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Figure 1 1 Heat Transfer Analysis of Electronic Components 
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Figure 12 Domain of Solution of the Electronic 
Components Shown in Figure 1 1 



Figure 13 Profiles of Velocity Components U 
3-D View 


202 



Figure 14 Velocity Vectors on Plane of 
Symmetry y = 0 



Figure 1 5 Velocity Vectors on Plane x ■ 1.5 
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Figure 16 Dimensionless Temperature Profiles 
Conduction-Convection Problem 


2 



Figure 1 7 Dimensionless Temperature Profiles 
Conduction-Convection-Radiation Problem 
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SUMMARY 


25S£ Z" r P ^^=^Inl riT „ rep—. season periods 
at the University of Texas at El Paso’s (UTEP’s) research solar pond. 


INTRODUCTION 

warmer water in the lower reg.ons of the |»nd is ofcet by thewaers mgn^o^,^ n^ 

hither salt concentration at the corresponding depth. As ^ ^ dens ty 

increases with depth, salt concentration also increases to the extent necessary 

of the fluid is continuously increasing. 

The stability of the solar pond is a function of die 

daily ambient temperatures and insolation values are provided. 


207 PRECEDING PAGE BLANK NOT FILMED 


Background 


Solar energy incident upon the surface of a shallow pond will be partially transmitted to the bottom of 
die pond where much of it is absorbed. This normally leads to natural convection as absorbed energy 
in die lower regions of the pond causes the fluid to thermally expand. Consequently, die thermal energy 
will be transported to the surface and released. In a non-convecting salinity gradient solar pond this 
convective process is suppressed by establishing an internal region with a salinity gradient of sufficient 
strength to ensure that the localized decreases in density due to thermal expansion are counter-balanced 
by the localized increases in density due to the higher salt concentrations. Thermal conduction will then 
become the dominant heat transfer release mechanism through die region of die pond where convection 
is suppressed. Due to the relatively low value of thermal conductivity for water (approximately 0.65 
W/m-°C) an "insulating” layer develops which allows temperatures approaching 100 °C in the pond’s 
thermal storage zone. 

The typical solar pond is characterized by three regions (Figure 1); a convective surface region referred 
to as die Upper Convecting Zone (UCZ), a non-convective primary gradient region referred to as the 
Non-Convecting Zone (NCZ), and a convective thermal storage region referred to as die Lower 
Convecting Zone (LCZ). The thickness of each of these zones depends upon die season of the year and 
the manner in which the pond is being operated. For purposes of this analysis average values were 
derived from the research pond currendy in operation at the University of Texas at El Paso (UTEP). The 
dimensions of this pond are 52.4 m across by 64.0 m long comprising a total surface area of 3,355 m 2 
(about 5/6 of an acre). The walls of the solar pond slope inward at an approximate angle of 30° from 
horizontal. The depth of the pond is about 3.5 meters resulting in an approximate floor area of 2,500 
m 2 . 



Figure 1. Schematic of a solar pond. 
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MODELING APPROACH 


s^r^trr.CsssCK^.'S***- 

period of time. 


pg rjvation °f Conditions 

Earlier work was performed by Hull showing that modeling *« •«« “ 

•S^r^SSSSsSsS^sez 

transient boundary conditions. 

A» interpolating function was derived for fosolarlon on a horizontal smrftce from monthly averages 
ISC a 21 year period for El Paso, Texas [21. This is given as follows: 


I = 6,300 + 2,300 


. f 2 t(/i-70)1 
* S,n [ 365.25 J 


(W/m 2 ) 


Eq. (1) 


where: 


n = day of the year. 


ISSESS =E=^g| 

autumnal equinox [1]. 

The following equation is used to calculate the fixed angle of incidence used in this analysis [21. 

\ Ea. (2) 

a. * cos' 1 (sin/3 -siny + cos/3 -cosy *cos<o) *"■ 

where- y = latitude of El Paso, Texas (i.e., 31.5°). 

h } = declination of sun on the 17th day preceding the autumnal equinox. 

o? = hour angle at solar noon (i.e., 0°)- 

He angle of declination (» is the angle of the earth's axis relative to the sun-earth line and is calculated 
for die 17th day preceding the autumnal equinox as follows: 


,.»«—ss«a 


Eq. (3) 


where: 6 = the day of the year for September 6th (i.e., 249) 
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This gives a calculated value for a, of 25.66° which is the fixed angle of incidence used in this analysis. 
The associated fixed angle of refraction is calculated using Snell’s Law by the following relationship: 


p F - sin 


(sin(a ( )) 

n 


Eq.(4) 


Using 1.333 for the index of refraction, (n), for the pond’s salt water solution [3] Snell’s Law yields a 
value of 18.99° for the fixed angle of refraction, p r . 

The surface reflectivity is then calculated using the following relationship derived from Fresnel’s 
equations: 

■ . « . ggggd , < ■ Eq. (5) 

' sln J (a ( + *V> an ! (a,*P f ) 


Applying the calculated values for the fixed angle of incidence and refraction to this equation yields an 
effective surface reflectivity ( p r) of .021. 

The ambient temperature is calculated in a manner similar to that used in developing the average daily 
insolation. Average daily ambient temperatures are obtained from a periodic interpolating function fitted 
to actual historical temperatures recorded over a thirty year period by the National Oceanic and 
Atmospheric Administration. 


TJLn) 


63.55 + 19.15 • sin 


(2x(n-105» 

365.25 


(°C) 


Eq. (6) 


where: n = the day of the year. 

Pond Attenuation o f Solar Radiation 

As the radiation is transmitted through the pond it is attenuated along it’s path by scattering and 
absorption. The shorter wavelengths of the solar radiation will be transmitted through the pond with very 
little absorption, whereas the longer wavelengths (i.e., the infrared portion of the spectrum) will be 
absorbed within the first few centimeters. Wavelengths longer than the infrared wavelength (i.e., greater 
than 10*m) are reflected at the pond’s surface. 

The absorption and scattering of the solar radiation is generally represented by a transmission function 
from which the radiation intensity at a given depth can be determined. One such function, developed by 
Hull, was derived from an extensive set of experimental absorption data measured for pure water. This 
data was reduced into a four part summation of exponential terms. 

where: r = the fraction of solar radiation reaching a depth (x). 
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This reduced function correia.es well wifo a 

data, never deviating by more than .01 in transmtttanM :over a 2 meter interval, inepar 
used for this transmission function are provided in Table I. 



Table I 


Exponential Extinction Coefficients for Water 


0) 


Bj 


Dj (m' 1 ) 


0.237 

0.193 

0.167 

0.179 


0.032 

0.450 

3.000 

35.000 


When compared with measurements taken at the UTEP research solar pond on AprilM^W teHuh 
Four-Par. taction resulted in substantially higher transnnmnce function 
transmission taction was derived from absorption pcd n, e following third 
was derived firom the aforementioned measurements taken a distances ranging from 0.0 to 2.6 

degree polynomial provides an acoirate fit to foe and a third 

by PabT^e'ison ,4) have been present in Figure 2 for comparison 

E a. (8) 




- Ofifii 5 +.385x J - .768 jc +.745 


Pnnd stability Qiii&w Considerations 


The NCZ has been subdivided into two sub-regions to recognize 

enists « foe upper and lower interfaces. ^“0 tafoi "region 

dynamic stability criterion [51, at a minunum, m order to ensure mat 


is suppressed: 


a < (JHH -l-G, 

T (Pr+ 1) a 


Eq. (9) 


where: 


G t = 
G s = 
& = 
a = 
Pr = 

T = 


the temperature gradient at various locations in the NCZ (°C/m), 

the salinity gradient at corresponding locations (%/m), 

the saline expansion coefficient for NaCl (nr/Kg), 

the thermal expansion coefficient (1/ # C), A . 

Prandtl number (i.e., ratio of foe kinematic viscosity to foe thermal 

ratio of the saline diffusivity to the thermal diffusely (i.e., K s /k t ). 
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Fitted Curve O Actual Data 

Figure 2. Comparative plot of transmission functions. 


Since the values for the parameters in the above equation are dependent on both temperature and salinity 
it is necessary to develop a functional relationship between the salinity gradient factor (i.e., SGF, and 
defined as SGF = [(Pr + r)/(Pr t l)]*(/S/a) ) and temperature [6]. Using information published by the 
Department of Interior's Office of Saline Water the following relationship was derived [7]: 

SGF(T) = (~ r * * 198 - 752 > - (1.702)7V48.876 Eq. 00) 

7,812.5 


A plot of Equation 10 with the actual data for the SGF is presented in Figure 3. This relationship was 
then inserted into Equation 9 to obtain the necessary temperature and salinity gradient relationship that 
was used in establishing the internal threshold salinity gradient. 

The dynamic stability criterion that is employed at both die upper and lower NCZ interfaces is based on 
an empirical relationship derived from Neilsen and is referred to as the Neilsen boundary condition [8]. 
This empirical relationship is given as follows: 

G S = A‘G? Eq. (11) 

where: A is set at 28.0 (Kg/m 4 ) • (m/K) ° 


Development of Temperature Profile Equations 

The nodal equations assume the thermal exchanges that take place between the various zones within the 
solar pond can be adequately represented by a transient one-dimensional model. Thermal properties of 
the pond are assumed to be uniform within each of the pond’s zones. Using these assumptions, 
temperature changes, resulting from thermal exchanges within the pond, can then be represented by a 
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Figure 3 . Comparative plot of the SGF interpolating function with actual data. 

*«-*«»-» •**- **» 1 is ^'“ ve 
in the downward direction from the surface at x 0.0 ), 

Since the UCZ is essentially uniform in temperature lit tie SS 
c n ior radiation reaching the depth of the NCZ-LLZ interlace, auu y M r» 7 a 

Sr-ss 

ambient temperature exists. 


UCZ-Nodal Equation: 


1 UCZ 


T.(t) 


Eq. (12) 


UCZ-NCZ Interface Nodal Equation: fQ 

T ' r 0; (l-2Fo-2Fo 'BO+lFo'iT^+Bi-Tyaj )* — ^ *(WT W/' Eq. (13) 


NCZ Interior Nodal Equations: to *Fo 

7] , 4 , = T fJ • (1 -2Fo) ♦ Fo • (r i4lJ + r,. w ) ♦ — ^ 


Eq. (14) 
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NCZ-LCZ Interface Nodal Equation: 


2 Bi’Fo 


T. JtX * T mJ ’(l-2Fo- 2 Fo • BO * 2Fo • (r._ w+ Bi • 7^, ) ♦ ^11 1 • (7..,^ - ) 


Eq. (15) 


LCZ Interior Nodal Equation: 

Tuzj*\ ~ T^czj’O ~2W) * — 'ijffajia *Q) 


where: 



Eq. (16) 


LCZ-GRZ Interfacial Nodal Equation: 

V> = T oj ' (1 -1FO-2FO * BO ♦ 2Fo • (T tJ * Bi • T^) Eq. (17) 


GRZ Interior Nodal Equation: 

T.j., - T k y(\-2Fo) . ^ Eq. (18) 


In the above equations T UCZJ and T^j are the bulk temperatures of the UCZ and LCZ at time (j), 
respectively, Fo is the Fourier Modulus, and Bi is the Biot modulus. The heat transfer coefficient is set 
at 263 W/m 2 -°C and is assumed to be the same at both interfaces. This value is derived from 
consideration of the empirical relationship developed for two horizontal plates. 


Development of Salinity Profile Equations 


The salinity profile is derived from the solution of a transient one dimensional partial differential equation 
wherein the rate of salinity change is presented as a function of the temperature dependent solutal 
diffiisivity (K s ) and the rate of change of salinity with respect to depth in the gradient zone. After the 
salinity profile is calculated for each progression in temperature profile it is checked to ensure that the 
stability criteria at both the upper and lower boundaries as well as within die NCZ are satisfied. If the 
boundary stability criterion at either the upper or lower interfaces is not met the boundary is repositioned 
until the stability criterion is satisfied. If the internal stability criterion is not met die run is simply 
terminated with the creation of a file containing the last temperature and salinity profiles. Changes to 
die salinity profile are based upon a numerical solution of die following differential equation describing 
the time dependent behavior of the salinity profile in die absence of any fresh water or brine injection into 
the UCZ. 

BMW) 

p dz 


*1 . J_.±U Z) .K. [ii 

ai Rfe) dz j ' [dz 


]) 


where: 


R(z) = 


the ratio of surface area at depth (z) to the surface area at the top 
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K s = 


St = 


of the NCZ. This term only has significance in small ponds with 
sloping side walls. 

the temperature dependent solutal diffusivity of NaCl which 
represents the rate of molecular diffusion of NaCl in the 
presence of a salinity gradient. 

is the Soret coefficient reflecting the secondary salt transport 
process that occurs in die presence of a temperature gradient. 

The above equation to ton simplified b, considering .to the Soret 

the order of lttlO* 1/K to 3x10* 1/K and that for most sHumy p*m * £ a < 

will be relatively small. This was evidenced in analyses performed *! OhioState 

observedsalt tnLport differed from the calculated salt transport, using Equation 19 without the Sr term, 

by less than 10% [8]. 

The second simplifying adjustment made to Equation 19 

Hiffusivitv coefficient K s , with variations in salinity concentrations. Generally, K, is oep po 

SK^Z^d' 'salinity of the solution. However, for NaCl solutions the vmrnto <rf K. w«h 
over foe salmity rang, of 0* to 30* by weigh, is negligible for P»J»to of *' s £ 

tctohce of Ks on Tfoe S 

7TSSSS M,°nomiH C from d^a ototo tom foe Deparbnem of M Office of SHine 
Water [71. 

K s (T) = 95.56 T * 2920.9) • 9.23 x 10 *° ifnVhf) E< ** ( 

Finally, the term containing information on the physical aspects of *e pond walls (Le 

important for small area ponds. Generali, foe presenceof gfiEZmi 

£21 ^l”ptob, g "e cotangentof foe wall'/angle wifo boriaomal) foa. foe nmatmum 
between an analysis with and without the effects of the wall slope on the salinity gr * 

2 e -sx? a s sss rr.^s:s itsss 

tom Eolation 'of plotted dam, a m^ttoim difference ^ ^ 
approximately 10%. The error introduced by excluding this effect is partially offset by I toe i fret ** *« 
Soret coefficient is not included in this analysis. In light of die above considerations e 
equation can be reduced to the following; 

Eq. (21) 


dS wr m (PS 
Tt " 5 * dz 1 


[ m'-day ] 


where: K s is expressed in tbe solution as a temperature dependent parameter whose 

functional relationship is given by Equation 20. 

This eouation was numerically approximated in a manner similar to that used in developing the solution 
for foX^Im profile. A SL netork, wifo intern*.. dismtos cottopontlm, I tofoat tod m foe 
determination of the temperature profile, was constructed with nodes placed PP 
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interfaces of the GRZ. The forward difference equations for foe salinity profile nodes are given as 
follows: 


Boundary: 


■’nj-l 




Internal: 


I 


UCZ Node: 


where: 





, V . 


• 





S, ■ , 

*= s 




S 



K.. 

= 


K., 

= 


K* 

= 


Lucz 

= 



'[W ^ C3) 




At 




Eq. (24) 


Discussion of Results 

Two validation runs were performed to assess foe accuracy of foe computed temperature profile over a 
span of time. A summer month (i.e., August, 1989) and a winter month (i.e., November, 1989) were 
selected and actual measurements, to the extent available, were collected. 

August 1989 Validation Run: Actual measurements taken at foe UTEP research pond were used for 

foe daily ambient temperature, heat extraction from foe storage zone, daily solar insolation, and weekly 
pond profiles for temperature and salinity. The run period extended from August 2, 1989 through August 
31, 1989 for a total of 30 days. A plot of foe calculated temperature profile on foe last day is plotted 
against actual temperature readings taken on that same day. As can be seen from foe comparative plot, 
Figure 4, a close correlation of computed temperature with actual temperature exists throughout foe NCZ. 
Only a slight variance between computed and actual storage zone temperatures exists (about .97 °C or 
1.3% from actual). 

November 1989 Validation Run: In this run an initial temperature profile was constructed from pond 

measurements taken on November 7, 1989. During foe run period, which spanned 22 days (from 1 1/7/89 
through 1 1/28/89), the salinity gradient was not sufficiently steep at foe upper and lower boundaries and 
an adjustment to the thickness of the primary gradient region was necessary. 


216 






A comparative plot of the computed temperature profileon measurements 

is provided to Figure 5. As with the prevtous Augua n^the r«ults ^ fc 5 „. c f , 

taken at the pond. The temperature variance at that the LCZ exhibited 

approximately 10.0% of actual). This hlg ^ er h v T 1 ^. e ^ modeled) during this period of time. The 
a pronounced temperature stratification (which . oresente d |n Figure 6. As previously 

resulting salinity profile, derived from lower NCZ interfaces in order to 

mentioned, a boundary adjustment occurred at both the upper and lower n 

satisfy the boundary stability criterion. 



Figure 5. Comparative plot of temperature profiles for 1 1/28/89. 
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Figure 6. Transition in salinity profile resulting from shifts in NCZ boundaries. 


CONCLUSIONS 

The double diffusive transfer processes typical of a salinity gradient solar pond was represented by a 
system of coupled finite difference equations to simulate die interdependency of the ponds temperature 
and salinity gradients. A number of simplifying assumptions can be readily made to allow for an easily 
generated solar pond numerical model that will provide a reasonable first order prediction of changes in 
temperature and salinity profiles, bulk temperature changes in the ponds storage zone, and changes in the 
thickness of the gradient zone. This modeling approach may be used for predicting attainable storage 
temperatures, gradient zone maintenance schedules, and salinity concentration requirements. It is 
applicable to a variety of conditions for purposes of determining the economic viability of a new solar 
pond and could be employed in the operational planning of currently operating solar ponds. The results 
also provide valuable insight into the salinity profiles which need to be installed in order to m a in tai n a 
stable thermal stratification in an established solar pond (for a given storage zone temperature associated 
with a given application). Further, die time variance calculation of the profiles provides useful 
predictions of the salinity gradient modifications which need to be accomplished during the time evolution 
of die operating pond in order to sustain operation. 
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ABSTRACT 

SINDA/FLUINT has been found to be a versatile code for o^cling aerospace ^^ s S f uUy°^f 
single or two-phase fluid flow and all modes of heat transfer. which 

Johnson Spaci Center (JSC) for modeling pressure drop, 

have been utilized include i transient l simulation, bot iiint has been used at JSC to support the 

slip flow, multiple submodels and depressunzat . Several of these applications of 

Space Shuttle, Space Station Freedom and advanced programs. Several ot tnese pp 

SINDA/FLUINT at JSC are described in this paper. 

SINDA/FLUINT is being used extensively 

phase ammonia loops of the Space Station ^ShmSSSe submodels to very detailed subsystem models. 

ss rjrwSnS" “ “““ 

between the multiple fluid loops which comprise the Space Station ATCS. 

JSC has also developed several detailed models of ^iherm^nodes, 

pro^c^^reM^utiOT^ftlw ATCS low tcm^rantrer^ata^Mra^vndariw such 

SSSSfidlSS «m S. bX;' '^distribution and total heat rejection for the baseline 
X design as well as proposed alternate designs. 

SINDA/FLUINT has also been used at JSC as a design tool fa 
gasses. One model examined the pressurizationand ^jj s ^ internal cooling- Another 

variety of operating conditions including convecuo f j manruverine units This model included 

model predicted the performance of a new nations. Die results of 

high pressure gas depressurization, internal heat transfe pc j * 0 point to areas 

blfth models were usVd to size components, such as the heaters and gas bottles and also to point to areas 

where hardware testing was needed. 
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INTRODUCTION 


Use of the Systems Integrated Numerical Differencing Analyzer (SINDA) analysis tool has 
expanded steadily over the years since its origin in the 1960's. The Fluid Integrator (FLUINT) code 
added significant fluid system analysis capabilities under a NASA Johnson Space Center (JSC) contract in 
1985 (ref. 1). Since then, analysis applications for the code have increased in scope as well as in number. 
At the Johnson Space Center, SINDA/FLUINT has been used to solve both steady state and transient 
thermal/ hydraulic problems involving single and two-phase fluid flow with heat transfer. Conduction, 
convection and radiation have been modeled in simple and complex systems alike. Models have ranged 
from a few nodes to a few thousand nodes. SINDA/FLUINT has been used at JSC to support the Space 
Shuttle, Space Station Freedom (SSF) and other advanced technology programs. The code has been used 
in the conceptual design, detailed design, test and performance verification phases of these programs. 

The Space Station Thermal Control System (TCS) consists of both passive thermal control features 
and active fluid loops to transport heat. The power system uses a single-phase ammonia cooling system 
and the habitable modules use single-phase water loops to gather heat from racks filled with equipment 
The internal thermal control system (TTCS) water loops transfer their heat to one of three external thermal 
control system (ETCS) two-phase ammonia loops which dump the heat to space. Figure 1 shows a 
schematic representation of the Permanently Manned Capability (PMC) Space Station Freedom and 
indicates the location of some of the TCS features. Thousands of SINDA/FLUINT CPU hours have been 
logged analyzing the various Space Station Freedom Thermal Control Systems during the design phase, 
and this use will continue into the operational phase since SINDA/FLUINT is the official code used for 
Space Station Integrated Thermal Analysis. SINDA/FLUINT submodels developed by various system 
designers are integrated and run at JSC in order to analyze integrated system performance under various 
nominal and off-nominal conditions. 


Other more detailed SINDA/FLUINT models have been built of particular components of the SSF 
Active Thermal Control System (ATCS), particularly the ETCS radiators. These radiators have undergone 
several redesigns in order to improve performance and reduce weight, cost and assembly time. 
SINDA/FLUINT has been used in these design trade studies in order to evaluate potential alternate 
designs. One such study, which will be described here, looked at ways to prevent the radiators from 
freezing when subjected to an environment temperature substantially below the freezing point of the 
ammonia working fluid. 
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ORU 1 ORU 2 ORL 3 


/> S. rrcs WATER 
* LOOPS IN 

MODULES 


PORT ETCS 
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H.r 
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Figure 1: PMC Configuration of Space Station Freedom 
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Mel gas systems are another area in 

the "volume flowrate set" (VFRSET) feature in SDTO^lfl^^^^uu V g fcatu £ s rf ^ 

k^=k:msssbssk^ 

SPACE STATION FREEDOM INTEGRATED THERMAL ANALYSIS 

SINDA/FLUINT has b«n utilized in 

«“>“ ‘ ° f ““ 

conditions include nominal and off-nominal operations. 

Analysis of nominal operations generally consists ^^^^^bl^^^nol^al^nal^s^ 
environmental conditions and determining rfdi^y^gtrespo fa ^ llTes imbal ances between applied 
would consist of such conditions as pump f adurcs, co x y slNDA ypLuiNT models have been used 

,* S^S 1 The SD^DA/FLUINT models will be briefly described and examples 
of problems solved will be given. 

SINDA/FLUINT Model Descriptions 

The SINDA/FLUINT models utilised 

habitable modules (internal thermal controjq^jm-jrrc ) jhe models of the internal 

ammonia heat transport system (external ^"^wntrol syste s ^^itation d laboratory modules, 
systems consist of the United For all modules. 

The modeling phtaophy utilised for MHIOj ;' ** 
the exit temperature of each experiment rack i-j transient response time is also 

conceivable configurations and transients can be ^ rtto the ETCS The models do not consider the 

considered in order to accurately predict the ei ^ CT H a Tnf^h£h*therecM befiom 4 to 8 in each rack, 
temperatures of the individual cddplates withipa , 2 00 FLUINT nodes. These models are 

— * 

For the simplified ITCS models, the response desired is ^7^^^]^Stic^mdary 
module heat load changes. The simplified models are typically u sed P fewer than 20 FLUINT 

conditions for the ETCS. Therefore, the nodalizauon can typically consist of fe 

nodes. 

occupants, while the laboratory (U.S. Lab) module is sy ^ m but is capable of being 
modules utilize an ITCS architecture that nominaUy was *s a wo-knqf J ^ 

reconfigured « .one-loop system (Fjpme 2). Wta £ ^teopmofc U k ^ ^ ^ 

International Partners. 
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The U.S. Hah/Lab system uses a System Flow Control Assembly tq maintain a constant pressure 
drop between the rack supply and the rack return lines. The maintenance of the constant "delta-p" helps 
ensure adequate flow to each rack. The flow to a particular rack is controlled by the Rack Flow Control 
Assemblies which monitor either temperature or flowrate, depending on the particular type of control 
desired. Variation of a rack's flowrate is necessary to conserve power since not all racks will require 
cooling at all times. The U.S. Hab/Lab system also includes a regenerative heat exchanger that is used to 
ensure that the water entering the MT branch is above 60°F (15.5°C). The 60°F setpoint was chosen since 
the Space Station maximum allowable dewpoint is 60°F, thus precluding condensation on the MT branch 
of plumbing and saving the expense of insulating the entire system. Each Interface Heat Exchanger (IHX) 
has a bypass line that is used to maintain a desired overall IHX outlet temperature. 



Figure 2. United States Habitation/Laboratory Functional Schematic 


The FLUENT models of the habitation and laboratory modules are similar, the primary difference 
being the number of payload and system racks. The level of detail is such that all racks are modeled as 
well as important control systems. Figure 3 provides a schematic showing the number and location of the 
FLUINT components for the U.S. Laboratory module. 

For the U.S. Lab model, most fluid line lengths and sizes have been defined and have been 
incorporated. The locations of elbows and some connections have not yet been defined. The control valve 
characteristics, such as k-loss and flow areas, have been defined for the Rack/System Flow Control 
valves. The characteristics for the remainder of the valves are not yet defined. The Rack/System Flow 
Control valve is a sculpted ball valve with a variable k-loss. This action is modeled within FLUINT by 
altering both the valve angle and the k-loss value. The thermal mass of the equipment in each rack is 
accounted for by including a SINDA thermal node equivalent to 30 lbm (13.62 kg) of stainless steel, 
though the actual mass of equipment in each rack is currently unknown. 
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The fluid pump head curve has been defined and >sinc^m«d into *e 
™ P cTn^'p^ y The m^l cr P red,c?changes in pump op^adon due to changes in 
speed. 

r Rack Flow Control Assemblies 
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Figure 3. 
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FLUINT Nodalization of the United States Laboratory Module UCS 
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The model of the U.S. Hab maintains the same level of detail, though the number of FLUINT 
components is reduced since the U.S. Hab has fewer racks. 

Resource No de System and Model Description _ . _ 

The resource node contains the primary command and control avionics for the Space Station. I ne 
resource node ITCS cools the resource node 2, resource node 1, airlock and Pressurized Logistics Module 
(PLM). The PLM can be located at either resource node 1 or resource node 2. Since the airlock, resource 
node 1 and PLM are attached at different stages of the Space Station construction, and possibly at different 
locations for the PLM, several distinct configurations of the resource node ITCS exist This variability 
forces special modeling considerations for the resource node and will discussed below. The architecture 
of the resource node is the most developed at this time since the resource node will be the first habitable 
module launched. Therefore, the FLUINT model of the resource node is the most complex and also the 
most useful for predicting ITCS performance. 

The ITCS for the resource node is a simplified variant of the ITCS for the U.S. laboratory module 
discussed above. Unlike the U.S. Hab/Lab systems, the equipment in the resource node is normally 
always on. Therefore, the need to provide a variable flowrate is not present. The ITCS developers have 
chosen to use an orifice to control the flow to each rack with the coolant pumps set to a constant speed. 
There are some active components associated with the resource node, the primary ones being rack flow 
control valves associated with the PLM. These valves will modulate to maintain a constant exit 
temperature for each PLM rack. Also associated with the PLM is a modulating delta-pressure valve which 
acts to maintain a constant pressure for the inlet header to the PLM racks. 

The detailed FLUINT model of the resource node uses the same component descriptions and 
modeling as the U.S. Hab/Lab due to common hardware. Such items as IHX bypass valves, RHX 
modeling, and pump modeling are identical. The modeling of the rack is also the same. Modeling specific 
to the resource node involves the level of detail of the plumbing and the variability in the configuration. 

The geometry of the resource node is established sufficiently such that three-dimensional isometric 
drawings, with dimensions, have been generated. These drawings allow for a more accurate definition of 
ITCS line length. Also, the pressure drop effect of elbows and bends can be estimated using the effective 
length approach. Though the FLUINT model does not yet consider the effect of fluid connectors, such as 
tees and quick disconnects, the actual connectivity of the ITCS can now be included into the model, with 
the pressure drop data included when available. 

The variability of the resource node configuration results in four unique configurations, not 
counting the position of the PLM. The multiple configurations of the ITCS are accounted for by utilizing 
the capability of FLUINT to include sections of input from predefined external files. Each module is 
contained in a separate input file and included as necessary to create the ITCS connectivity of the particular 
configuration. The use of external files allows for easy maintenance of the various portions of the 
resource node ITCS model. Should a particular module change, only the model of that module need be 
altered to make the change effective for all configurations. The alternative would be to make changes to as 
many as eight separate models, which could lead to errors in implementation. 

International Partners System and Model Description 

The International Partners, the European Space Agency (ESA) and the National Space 
Development Agency of Japan (NASDA), are currently in the process of re-designing their respective 
ITCSs. The baseline design for both is a one-loop system with temperature controlling bypasses. The re- 
design efforts are due to problems in meeting Space Station thermal load management goals. The final 
configuration will not be known for several months, however some of the basic components will probably 
still exist. 

The ESA ITCS is similar in concept to the resource node ITCS. The coolant flow to each primary 
payload rack is controlled via an orifice. In parallel with the racks is an avionics heat exchanger. The 
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outlet temperature of the avionics heat exchanger is 

„ w .o ni TTP c contains seV eral dedicated cooling loops which interface with the main cooling 

platform. The abihty to model m ASDA ITCS tafa combination of orificcd and actively 

pressure and ten^mre 

inputs. 

Models of several proposed IntemantM^a^rs ffCSs changes 

S^bSfc^taSSSSSS!^ •»*“"■» vers * dte ““ ** 

behaved analysis tool during the course of these numerous modifications. 


waste 


FY,m \£^ the pnmary^od^or^spomng^ ^ 

heat generated within the habitable modules for « lon “ te |*° s Eg M^ageSnt Device (RFMD), 

ammonia system with several uni^e component^uch as Ae^rtaty ^^^^'^®^^ncnts > include two- ’ 
Back Pressure Regulating Valve (BPRV ), and ra( ji a tors a bellows accumulator, two- 

phase ammonia to single-phase water heat e^ 1 angers, £ D arate cooling loops, two Low 

phase coldplates, and associated plumbing. e Moderate Temperature (MT) loop 

S35SS2-S »<«Q 3 F!°gure r^s^CSf^onal scheme for the Man 
Tended Configuration of SSF. 
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The system operation consists of the RFMD suppling slightly subcooled ammonia liquid to a 
distributed system of heat exchangers. The flow to each heat exchanger, and therefore the ultimate heat 
acquisition capability of each heat exchanger, is controlled by a cavitating venturi placed at the inlet of each 
heat exchanger. The downstream pressure is controlled so that the ammonia will be very close to the 
saturation point after exiting the cavitating venturi. With the addition of heat from the internal modules, the 
ammonia begins to boil, enhancing the heat transfer process. The heat transferred to the ammonia is 
controlled so that the maximum ammonia vapor quality is no greater than 90%. The resulting two-phase 
mixture returns to the RFMD. 

The RFMD consists of a stationary outer housing with a rotating inner housing that acts to separate 
the two-phase mixture into vapor and liquid components (Figure 5). The ammonia vapor is plumbed to 
the condensing radiators where the acquired heat is rejected to space. The condensate then returns to the 
RFMD where its temperature is increased and then pumped back out to the module's heat exchangers. The 
pumping action of the RFMD is via immersed pitot probes which convert the rotational energy into a stadc 
pressure rise, thus providing the necessary pumping power. The RFMD maintains an internal liquid level 
by means of a level pitot which acts to pump excess fluid to the bellows accumulator 


Evaporator Supply 
Pitot 


Resaturation Pitot 


Two-Phase Return 
from Evaporators 


Vapor Supply 
to Radiators 



To Evaporators 

t 

To Accumulator 


Thermal Barrier 

Thermal Barrier Passages 

Two-phase 
0 Warm Liquid 
H Cold Liquid 
I~1 Vapor 


Cold Side 


farm Side 


Figure 5. Rotary Fluid Management Device Schematic 


Since the ETCS is a two-phase system, the operating pressure controls the operating temperature. 
The Back Pressure Regulating Valve is designed to passively control the pressure in the RFMD. The 
BPRV does this through a combination of spring and servo action (Figure 6). The system is also capable 
of changing operating temperatures by altering the relative spring forces inside the BPRV, thus temporarily 
affecting the heat rejection rate and raising or lowering the system pressure. 


The modeling of the ETCS can be broken down into two distinct portions; the first being the 
modeling of the pump module assembly (RFMD, BPRV, and bellows accumulator) and radiator and the 
second being the remainder of the system (main plumbing, cavitating venturies, and module heat 
exchangers). The model of the pump module assembly consists of a detailed description of the RFMD, 
BPRV, and bellows accumulator. The model considers the physics of the RFMD by determining 
parameters such as the induced gravity head due to the rotation, pumping power from the pitot probes, and 
internal liquid levels. The model of the BPRV uses the internal geometry, including spring forces and 
internal bellows areas, to calculate the forces on the primary pressure control valve. The condensing 
radiator model is of moderate detail and accounts for thermal interactions between the parallel flow 
passages. 
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Servo 

Servo Bellows Poppet 


Vapor Bellows 


Setpoint 

Mechanism 



Structure 



Sub-cooled Two-Phase 

Liquid Ammonia 


Figure 6. Back Pressure Regulating Valve Schematic 


The model of the remainder of the system includes gcQmetrically cornea 

ETCS plumbing lengths, internal diameters, advantage of the recently 

allow for accurate predictions of system pressure drops. The ^model 1 ukes ; aov^wge 
included option in FLUINT to determine pressure drops based on the flow regime. 

Models of the cavitating ventunes and module heat 1 
geometrically difficult phenomenon of the cavitoung wen , y venturi response during 

supplied equation applicable for nominal conditions. , . exc haneers are modeled as a single 

olnominal conditions is stiU being investigated available* 

for the Pennanen, Manned 

CapaMlity configuration. The Low Temperature Loop s nodahzauon is similar. 

Summary of Analyses Performed with the SSF Integrated ATCS Models 

The models described above are used to jinal yze the 111 

both stand-alone and integrated modes. In stand-alone mode, the rood coecific external 

£££ J^ndficarion of seventl system perfonmmee 

issues for both the United States and the International Partners. 

For the United States modules, the models identified a mal-distribution of tiMdule waste heat onto 
the ETCS which could have caused an overload of the ETCS. Following are- ' * ^ s0 

modules^the FLUINT models assisted in control system deue opmen o^the Res^e Node- Also, the 
models were used to identify a potential water vapor condensauon problem on a porno v 
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that was un-insulated. The models were used to evaluate various options anfi to quantify the heat load 
value at which condensation became a potential problem. 



□ TWO-PHASE AMMONIA 
0 HEAT ACQUISTION POINT 


Figure 7. FLUINT Nodalization of the Moderate Temperature Loop for PMC 


For the International Partners, the models identified a similar mal-distribution of module waste heat 
that violated Space Station operating specification. Several IP proposed options were modeled and 
evaluated as to the option's ability to meet station requirements. Additionally, the models have been used 
to evaluate control system stability. 

In the integrated mode, the models have identified several key system issues and been used to 
analyze system operation at off-nominal conditions. One system issue identified was the inadequate heat 
load placed on one of the loops of the ETCS during early operations. The ETCS nominally consists of 
three loops - two Low Temperature and one Moderate Temperature. The Low Temperature loops are the 
first activated during the early stages of space station construction, when the total heat loads are the lowest. 
The pump module assembly requires a minimum amount of heat load (about 1.5 kW) to ensure adequate 
operation of the BPRV. Integrated analysis showed that only about 1 kW of thermal load was present on 
one of the Low Temperature loops during certain portions of station construction. The integrated models 
were used to devise methods to shift heat load from one Low Temperature loop to the other by altering the 
operating temperatures. Also identified by analysis in the integrated mode was the possibility of ammonia 
freezing in the condensing radiators due to low heat loads and cold external environments. The radiator 
manufacturer has confirmed this possibility and the design is being modified to account for freezing. 

Off-nominal analysis has involved investigating the impacts to the system when operated at 
elevated temperatures. Operation at elevated temperatures enhances the heat rejection capability but can 
adversely impact the atmospheric temperatures inside the habitable modules. Since this change impacted 
the habitable modules, a coordinated analysis effort with the module providers was necessary. The ease 
with which the SINDA/FLUINT models can be changed allowed for rapid evaluation of proposed 
operating points. 
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The integrated models are currently being used to investigate Ac mMt t^vation ' 
node, which is the first habitable module attached to the Sj®“ n ~ s Stag investigated are the 
— - - 

^SdSdSring the re-activation of a module that was temporanly shut down. 


DETAILED RADIATOR MODELS 


BM l ial( C^g« e Space Suti^onEra^urs^c^—f— 
g&3£5££ of SSF hS of 48 r^iator pLls S'” consists 

SSSSSs 

V Tub.Esuv.ion 

6061 -T 6 AL Z»S°““* 


Adhesive 

0.003 



stainless- sled 


Silver filled 
epoxy 


Figure 8 : Detail of the Tube Extrusion 
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Two separate sets of manifold tubes (manifolds A and B) cany vapor to and tetum condensate from each 
panel. Alternate tubes in each panel are connected to one set of manifold tubes. A diagram of the flow 
distribution to each panel in each ORU is shown in Figure 9. The manifold tubes at each end of the 
radiator panels are enclosed by manifold cover plates made of 6061 -T6 aluminum and are 5.28" (13.4 cm) 
wide. The overall length of the panels including the manifold covers is 131.46" (333.9 cm). In order to 
provide support for the face sheets and increase the strength of the panels, the space between face sheets is 
filled with a layer of hexcel honeycomb material with a density of 3.1 lb/ft^ (49.6 kg/m^). The 
honeycomb is made of 5052 aluminum foil 0.0007" (0.018 mm) thick. 

A moderate temperature (MT) ammonia loop (62° F, 16.6° Q flows through all port side radiator 
tubes. Two low temperature (LT) ammonia loops (35° F, 1.66° C) flow through alternating tubes in the 
starboard side radiators. No mass transfer occurs between the two LT ammonia loops, but they may 
communicate thermally by conduction through the face sheet 

The size of the plumbing of SSF has been optimized to minimize the weight while maintaining die 
pressure drop in lines at an acceptable level. Therefore, different size tubes arc used in the LT and MT 
loops. Table 1 shows a summary of the plumbing sizes used in this study. The 3 ORU's at each side are 
pre-integrated on a section of the SSF truss in a folded position for easy transportation and can be 
deployed on orbit. This requires that the radiator panels in each ORU be connected by flexible tubing that 
can tolerate folding and unfolding. The manifold tubes of each panel in each ORU are connected to the 



ORU 1 0RU 2 ORU 3 

Figure 9 : Schematic of Manifolds and Radiator Panel Layout for one Wing 
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Table 1: Plumbing Size Summary 


MAIK’ISs^SS i||j| 

mu:&W8tfir 

mm 

2 ' PtlB«e 

UMBILICAL 

Squid 

2-phaSe 

CONDENSERLOOP 
| coed, to 
vapor topi** 

manifold tube . ■■,' 
Sex hose g| ff^gy 
panel flow tdbr 7 ; •.-• 


IPSPil Hi 

, * <*'> ■■ % . 



WB& 

mmm 

E9I 

tMfdi 

mm 

0.466 

66.0 

0386 

72.0 

0.952 

66.0 

1.20 

72.0 

0.466 

72.0 

0385 

116.0 

0.706 

72.0 

0.952 

116.0 

0.346 

20.0 

0.346 

20.0 

0.586 

20.0 

0386 

20.0 

0.466 

50.0 

0.466 

50.0 

| 0.952 

50.0 

0.952 

50.0 

! 0.939 

8.0 

0.939 

8.0 

1 0.805 

2.0 

0.805 

2.0 

I 0.067 

10.07 

0.067 

10.07 


manifold tubes of the next panel in line by ^eTossfectOT of tile flex 
assembly consists of two pieces of flex hoses and a 180 bend tuoe secnon. 

hoses is estimated as 1.4/ft. 

Description of the Detailed Radiator Models 

1!« -«* described hem w^elop«jfa 
performed on the LT radiator models. 

Several assumptions were made in developing the ^ds used ^SSlte iSKSwi* 
radiators. The assumptions were made based on the result 

anH the nttemnt was made to lustify validity of these assump y mTV\ »i-al/lnl QtikC 



interface heat exenangers un*.; «nu ^ K .a.w v-* 

ZZSSSZ; 

in line with that IHX or CP. 
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Figure 10 : Arrangement of the Manifold Tubes and Flex Hoses 


The rotary fluid management device (RFMD) was modeled by two plena - one representing the 
warm end set at saturation pressure corresponding to the desired set point temperature, and the other 
representing the cold end set at subcooled condition. A pressure difference equal to the RFMD end-to-end 
pressure difference (as reported by the manufacturer) was imposed on two plena. A saturated liquid flow 
rate equal to the evaporator flow rate plus the RFMD bearing flow and the back pressure regulating valve 
(BPRV) servo flow was extracted from the warm end plenum. The vapor flow rate out of the RFMD was 
calculated dynamically by performing an energy and flow balance on the RFMD. The vapor flow rate is a 
function of the instantaneous heat load, set point of the RFMD, evaporator and condenser return flow 
conditions, and bearing and servo flow rates. The vapor flow mixes with the BPRV servo flow before 
entering the radiator panels. The servo flow rate was assumed to vary linearly with total heat load on the 
system from 0.022 GPM at maximum heat load to 0.015 GPM at minimum heat load (3.35 kW). The 
BPRV is designed to maintain the RFMD warm end pressure at the set point saturation pressure by 
regulating the vapor flow rate. The BPRV opening (which determines BPRV pressure drop) is then 
adjusted to allow sufficient vapor flow out of the RFMD. The model of the BPRV performs the same 
functions for the normal operations of the system. The BPRV pressure drop in the model varies with 
vapor flow rate in order to balance the RFMD end-to-end pressure drop. The model will signal if the 
BPRV reaches its maximum opening and can no longer control the set point. 

Several versions of the radiator model with different levels of detail were developed for different 
analyses. The alternating flow tubes in each radiator panel connect either to LT loop A or B. The flow 
tubes and other lines and components corresponding to each loop were represented in a separate submodel 
since no flow mixing occurs between the two loops. Each panel was then represented by models of one 
flow tube from loop A and one from loop B which were thermally connected through conduction in the 
face sheet nodes. Each flow tube was modeled by a HX macro with 10 segments in the direction of the 
flow. The ammonia in each section was represented by a JUNC and the flow tube section was represented 
by a TUBE with each lump downstream of each tube section. 
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Ca ° ilC °^SS^?SS «nici CT . in FLU1NT is based on frtf. 2). 

siSSSSSSSSSss 

Shah's correlation (ref. 3). 

no single pressure drop conetadon can produce accurate pndtojom of 
pressure drop for alHfluids and flow conditions. The prediction of pressure drop <§^*8 

conditionsiscvcn more difficult due to uncertainty about the exact flow (nressure 

in the models. 

““^^jgSfe^ anifoM tubes and flex hoses model fee «P-£I is 
The loss coefficient and length of the flex hoses that ronnect the 

Lo^c^ — » — > ressure *° P at 

the vapor manifold-to-flow tube tee and flow tube-to-condensate manifold tee. 


Flex hose 
assembly 
FK=4.5 


L = 8.0 ft 
d = 0.93" 



Flex hose 
assembly 


L = 8-0 ft 
d = 0.46" 



inlet T loss 
DUPI = 11 


outlet T loss 
DUPJ=H 


5 

6 - 
li 

I «■ 


flow tube 

L = 129.6", d=0.093” 


Flex hose 
assembly 



from panel i+1 

Representation of pressure loss due to flex hose assembly 
and T's in flow-through panel model 


-through panel i 
Figure 11: Manifold and Flex Hose Model 
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Thermal Network 

The radiator panel face sheets and extrusion tubes were divided into 10 strips along the panel 
length. The face sheet area corresponding to each tube segment was 4.73" (12.0 cm) wide, 12.09" (30.7 
cm) long, and centered above the tube. The distance of 4.73" (12.0 cm) on the face sheet between the two 
adjacent tubes modeled was divided into 9 nodes. This nodal break down allowed for determination of the 
temperature profile of the face sheet between two tubes and eliminated the need for a pre -determined fin 
efficiency for the radiator face sheet. The nodal breakdown of die radiator face sheet is shown in Figure 
12. The mass of each tube segment was represented in the capacitance of the tube wall nodes which was 
thermally tied to the fluid lump in that tube segment via a heat transfer tie. The flow tube inner wall node 
was connected to the extrusion inner surface via conductance through the stainless-steel and tube adhesive. 
The overall conductance of the extrusion tube, from its inner surface to its interface surface, was calculated 
from a separate detail SIND A model of the extrusion tube. The extrusion interface node was connected to 
the face sheet node via conduction through the adhesive. The extrusion tube nodes were also connected 
axially to allow for axial conduction in the subcooled pan of the tube. The face sheet nodes were 
connected both laterally and axially. The thermal network of one segment of two adjacent tubes is shown 
in Figure 13. 

Manifold cover nodes 



tube spacing 4,73" 


Figure 12: Nodal Breakdown of Radiator Facesheet 
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The model of the radiator panels was built by using the above identical 

series ofDUFs. The DUP optionin tSi^s w represent the 11 tubes per 

paths without actually modeling therm Eadi ftow was remesent onTradiator DRU, and the ORU was 
loop in each panel. Each panel was then DUPed 8 ^ Another model of the radiator system 

in turn DUPed 3 times for representation of the This model was used to study 

was developed in which all 22 tubes in one ^panel wwe *^ l £t^ y *f oped in which each panel was 
flow variations among the tubes ineach P^eL A^el w^ woe modeled. This model 

represented by two adjacent tubes DUPed 1 1 y effects of 

w£s used for study of flow vanadons among ORU's. 

different environments on each radiator, and effects or isoiati g F* 1 


Environmental 
absorbed heat 



Mirror Image of above 

r T i node* aod conducUncts IT, 

l 1 * DUPed for lower face aheet 

Figure 13: Nodal Breakdown of Radiator Flow Tubes 


the ETCS radiators *“ 

How in alternating tubes of the radiators in the same dtryton . Asa means « to which g* now 

tolerance of the radiators, an altemaove arrangement called court** for the parallel 

addition to the results for the baseline design. 
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Liquid Liquid Vapor Vapor 

manifold A manifold B manifold A manifold B 



Counter-flow 

Figure 14: Schematic of the Radiator Panel Manifolds for Parallel and Counterflow 


Detailed Radiator Model Analysis Results 

The models were analyzed at steady-state and transient conditions for a variety of cases as 
described below. The Space Station configuration analyzed was the Man Tended Capability (MTC) stage 
with only one of the radiator ORUs deployed. 


238 



Table 2 : Results of the MTC LT loop analysis 
at -50° F sink temperature 



Flow Rate 
Lb/hr 

Heat Load 
(KW] 

Inlet 

remp[F] 

Inlet 

quality 

Outlet 
letup [F] 

Condensing 

Fraction 

Loop A 

0.498 

7.5 

29.37 

0.967 

-32.7 

0.726 

Loop BJ 0.498 

7.5 

29.37 

0.967 

-32.9 1 

0.726 


spooled at ■«.«= 

(-64.4°C). 

The model was pin for the same cold I case 

oonfigtmitioo to examine the effectiveness ° f ^Z ^rature was 84.5“F (47"C) 

temperature. The results shown in in each flow tube for the parallel and 

warmer for the counter-flow case. The ammonia ®* £ indicatS that although condensation was 
counter-flow cases are shown in Figure 15. JJ® H of condensate flow at the outlet was much 

completed faster in the counter-flow case, the « J,r»nt mhe The coldest ammonia temperature in 

tessLto heat leak from >Mm panel overall fin 

lSs“ 0,4 and 0.55. mspccdv=, y . 


Table 3 : Results of the MTC LT loop analysis 
at -95° F sink temperature 



Flow Rate 
Lb/hr 

Heat Load 
[KW] 

Inlet 
Temp (FI 

Inlet 

quality 

ouUet] 
Temp IF] 

Condensing 

Fraction 

Parallel 

flow 

0.457 

7.5 

29.1 

0.97 

-83.9 

0.48 

Counter- 

flow 

0.528 

7.5 

29.1 

0.97 

0.6 

0.29 
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MTC, *95° F sink, 7.5 KW per loop 



Figure 15: Ammonia Temperature Profile in Flow Tube A for Parallel and Counterflow 


Radiator Freeze Prevention Studies 

Under low heat loads and very cold environments when the effective sink temperature falls below 
the freezing temperature of ammonia (-108°F, -78°C), the fluid in the radiators may freeze. This leads to 
very high local pressures inside the flow tubes when frozen ammonia begin to thaw. During the SSF 
ETCS design process, the problem of radiator freezing (and subsequent thawing) was addressed. One 
approach was to try to increase the radiator condensate return temperature in cold cases without limiting its 
heat rejection capability in hot cases. Other approaches allowed the ammonia to freeze and thaw under 
controlled conditions. Several of the options which were investigated using the detailed SINDA/FLUINT 
radiator models are presented here. 

Freeze Prevention bv Radiator Pointing 

The MTC configuration of SSF was analyzed with two heat loads at transient conditions using a 
cold case environment (orbit angle Beta=0°, beginning of life surface properties) and different radiator 
orientations. The results are shown in Table 4. The coldest environment was the "edge-to-sun on the sun 
side"/"edge-to-earth on the dark side" (ETS/ETE) orientation, which resulted in radiator freezing for some 


Table 4 : Summary of the results of MTC configuration transient analysis under 
cold environment at (3=0, for different radiator panels orientation 


r PANEL " 

ORIENTATION 
l surtside/darkside , 

NO. of 
; Panels j 

Condensate return temp. 

f*fi 


4-0 kw 1 H.3 kw ^ 

ETS/ETE 

8 

freezing 

freezing 

ETS/FTE 

8 

•106 

-95 to -100 

FTE/FTE 

8 

-29 to -51 

- 

45°-to-eanh 

8 

-62 to -75 

-33 to -81 
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pans of the orbit for both heat loads. The "face-tmeanh on the sm 

(FTE/FTE) orientation was the wannest environment, but resulted in a ;i,nmvrri JSi ^ 

iSsSiaSs on the sun side of the orbit. The results in.fc.led of^fcTorbit 

freezing was n re vented as panel orientation was changed to face the earth on die dark side ot eac 
However thelarge pitch angle in the SSF torque equilibrium attitude (TEA) sig^c^dy tomt^ th 
possibility of radiator pointing to modifying the radiator environment, and resul.ed m envuonments that 
5^3. colder. Therefore. this option .done was not sufficient to prevent radiator Breezing. 

EbC2£ ^^"^S^lDAy^UD^m^e i s 'al^^^w^uct^toCM nine the feasibiUty of other 

to prevent radiator freezing (ref. 4). The 4-orbit cold ^design ! *at hto^ing 
TEA=0° shown in Figure 16, was used in the study. The results of the study snowea in *. 

BPRV servo flow had no significant effects on radiator outlet temperature. The c g norma ] V alue 
temrcramrc was neghgible even when BPRV servo flow rate was increased by 20 times its nOTmal value. 

NW the model was analyzed at 3.35 kW heat m3£ndicated 

extrusion tubes. The heaters were turned on only during the dar k side ot wn orm^ ito ^ 

that 5.28 kW of electrical power was required in order to maintain radiator outlet tempe 
(-67.8°C). Use of that much power would have an unacceptable impact on bar. 



Figure 16: Cold Case Sink Temperature Profile for Coldest Panel 


Fr ^ EaS-ZgS y above) was ^ ^on 
does not increase the weight of the radiators and does not require any ad^nona l ^ ^n.s. Th.s option 
eventually gave way to a SSF design solution in which some of the condensate tubes were auoweo to 
”3 ihaw Sout bursting. R>r the SSF cate, the freezefthaw design »luoon ^ “ 

works even when one of the low temperature loops is not flowing; however, in other applications the 
counter-flow option may be the best design solution to deal with radiator freezing. 
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A case was run using the MTC model at low loads (3.35 kW per loop), using the coldest panel 
environment for Beta=0 and TEA=-45° as shown in Figure 17. The results of the analysis using the 
parallel-flow (baseline) option are shown in Figure 18. The results showed that freezing of ammonia 
occurred at sub-freezing sink temperature parts of the orbit The results of the analysis with the counter- 
flow model arc shown in Figure 19. Unlike the parallel flow case, die coldest fluid temperature in the 
counter-flow design occurs at the middle of the radiator panels since the condensate return flow at the 
outlet of each tube is warmed up by the 2-phase flow at the inlet of the adjacent tubes. Figure 19 shows 
the radiator condensate return temperature as well as the radiator coldest fluid temperature and indicates 
that the freezing problem was eliminated by the counter-flow option. 


(3 = 0°, oc/e=0.15/0.92, TEA = -45° 




Time [Hour] 


Figure 18: Parallel-flow Radiator Exit Temp. (Beta=0°, TEA=-45°, 3.35 kW per loop) 
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Figure 19: Counternow Radiator Temperatures (Beta=0°, TEA=-45°, 3.35 kW per loop) 



Detailed Radiator Models Summary 

ciMn A /FI I TINT is a powerful tool for detailed analysis of complicated thermal and fluid systems. 

233 ha^ien u»d ,o study such" design problems as response to orbital 

environment transients and radiator freezing. 


IDEAL GAS SYSTEMS 

From thermodynamics, when a gas is compressed or expanded isc^picahy and ^bcally, ns 

complicated. In general the mtroducnonof ,,, The SIND A/FLUINT program can be 

closed-form solution and a numerical model must be developed. meMiNu/v v &* 

used to solve these problems. 

The Basic SINDA/FLUINT Model 
Figure 20 presents the schematic of a basic SIND/yFLUINT mo del 

SS5£ SS SSS3™ K 3™. SWtSK SP" 1 

safessffls SSS^JSSSSSS! 
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heat transfer (HTU) tie. The value of this tie must be determined for each specific application. System 
flow rates are controlled by the MFRSET (Mass Flow Rate SET). The plenum (PLEN) is used to 
represent an infinite source of supply gas or a reservoir to dump the exhaust gas. The TANK is connected 
to the PLEN by an STUBE (Short TUBE) which can, if User Logic is employed, represent a pressure 
drop device (such as a regulator or an orifice). The working fluid is modeled as an ideal gas by using 
8000 series fluid data blocks. 

To ensure that this model was properly developed, the predicted final temperatures were compared 
against the theoretical results for adiabatic filling and isentropic, emptying processes for dry air. For a 
tank emptying process with constant thermophysical properties, the equation for the final temperature is 
(ref. 5), 



where Tf is the final temperature, Tj is the initial temperature, Pf is the final pressure. Pi is the initial 
pressure and k is the ratio of the specific heats. 

For a filling process, the following equation may be used (ref. 6), 


kPfTjnTj 

lf -(Pf-Pi)Ti + kPiTin 


[ 2 ] 


where Tin is the temperature of the inlet gas. 

For the range of parameters to be considered here, the predicted results from the SINDA/FLUINT 
model were within 0.5 °F (0.3 K)of the theoretical results of both equations. The slight discrepancy is due 
to use of constant properties (k) in the theoretical equations, while the numerical model employs variable 
properties. From this comparison study, it was felt that the model was properly developed for filling and 
evacuation processes. 


Simulates Pressure Regulator by 
Pressure Gradient Input 



THERMAL 

SUBMODEL 


Figure 20: Schematic of the Gaseous System SINDA/FLUINT Model 
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Space Station Freedom Airlock 

During the life of the Space Station Fteedom (SSF), the crews 
of Extra- Vehicular Activities (EVAs), in order to maintain the station. Befo twelves f or #k c EVA 
^le EVA teams will perfom, a 

Once these breathing exerases are completed, the crew enters the airlock, 
a vacuum pump and journeys outside. 

If during the EVA (or some other time) a crew member is «posed £ a 

!wasas:.sssS&-‘„ 

compression, a heat exchanger is included as pan of the airlock hardware. 

As evident from equations [1] and [2], the gases within the airlock 

in temperature. In addition to fluid temperature how these 

walls and heat removal by the heat exchanger will also ^detailed model including all the 

phenomena interact and affect the airlock gas temperature and pressure, a detailed moaei me 6 

aforementioned effects was developed. 

^Seli^ow^ema^o f the airlock which is depicred as a right circular cylinder, « 22 U 

(2.00 meters) in diameter and 8.22 ft (2.50 .meters) ir h^^c^pOTUons. 
and cross-flow heat exchanger assembly which is used to eool the ^ A chamber for 

Also included in this package is a centrifugal vacuum pump which is used to depressurize 

EVAs. 

Before a numerical model of this system could •>? devel ®P^; ^ < ^-1S™tiOTrmTsS n k f tow. 
both the air and specific mechanical aspects of the airlock were made. These assumptions are 

1) The gases within the airlock may be considered ideal gas 

compressibility factor (Z in most thermodynamics textbooks (ref. 6)) is nearly umiy, mmc g & 
conditions As a result, the thermophysical propenies of gas coostdered^s orfy wrrt re^rature. 

2) At any given time, the gas within the chamber is at a uniform temperature. 

SSS CbridfT^fd^ftite withdrawal pmcess is low veloci.yand la^^convection 

effects will be ignored. On the other hand, during hyperbanc opMa^s me^^s o „ 

substantial flow velocities. To account for this convection, the heat transfer coettic 

that of the Space Shuttle. _ 

4) Due to the lack of gravity, there are no natural convection ettects. 

5) The gas is dry so heat transfer effects due to condensation are ignored. 

6) The gas within the airlock is not a participating media. iMW __ 1IIf _ 

7) The airlock is constructed out of 6061 aluminum and at a uniform temperature. 

8) The heat exchanger is modeled using the NTU method (ref. 7). 

9) There are no heat losses to the environment 

Figure 22 shows a schematic of the SINDA/FLUINT airlock 
model shown in Figure 20 with several minor modifications. The gas is ; represented 1 with ^th 
option and is tied to a single thermal diffusion (time-dependent) node . ither ^ hyperbaric 
mass so that convective heat transfer effects can be included. The PLE p 
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charging tanks or the vacuum of space. The MFRSET has been replaced bya VFRSET (Volume Flow 
Rate SET) to provide a more accurate representation of the vacuum pump. 

The hyperbaric heat exchanger is modeled with its own loop, and more specifically with a pair of 
junctions. To determine its heat removal rate, the following approach was taken. First, the NTU method 
(ref. 7,8) was applied using the characteristics of a preliminary heat exchanger design (ref. 9) and its outlet 
air temperature was determined. With the outlet thermodynamic state determined, die CHGLMP (CHanGe 
LuMP) option was used to alter the current state to the new and more accurate condition and the HTRLMP 
(HeaTeR LuMP) option was used to hold the current state. The HTRLMP option maintains the desired 
thermodynamic state by supplying an appropriate heat load at die downstream junction. 



Figure 21: Schematic of SSF Airlock. 


Simulates Pressure Regulator by 



THERMAL 

SUBMODEL 


Figure 22: Schematic of the SINDA/FLUINT Airlock Model. 


246 




* 

Dr-nressuriz atipn Results . rpcnr»n«* of the airlock gas as it is depressurized 

tSS^^SSSZ value of <he heat transfer de was se. to rero. 

Figure 23 ifiwl *“ 

S£^, SSffi shou&in unbred. 
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Figure 23: Predicted Airlock Depressurization Gas Temperature Response 


z^^wstSEssEesa® 8 * 

iSSESSStffl — 


Figure 24 shows the predicted temperature response of 4he 
examined^These results show that heat transfer c ^ s ^^^^^“ y %proxKely 50 °F 

.emp^ «*- 50 °F (28 K) 

to a comfortable range. 
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Figure 24: Predicted Temperature Response for Three Different Heat Transfer Cases 



During normal operations, the charge air tanks will be heated and cooled by radiative heat transfer 
with the environment. It is estimated that due to this heat transfer, the temperature of the charge air may 
vary from 70 °F (294.3 K) to 0 °F (255.4 K). As indicated by equation [2], for a filling process, the final 
temperature is influenced by the incoming gas temperature, so it follows that charge air temperature will be 
important during hyperbaric operations. To examine the effect of charge air temperature on system 
response, four inlet air temperature were used: 10 °F (261 K), 30 °F (272.1 K), 50 °F (283 K), and 70 °F 
(294.3 K). The charge air was used to pressurize the chamber to 2.8 atm at 13.2 psi/min while the heat 
exchanger was operating. 

Figure 25 presents the thermal response of the airlock gas during pressurization for the four charge 
air temperatures. From these results it is clear that the temperature of the incoming air plays an important 
role in chamber temperature response. 

Airlock Model Summary and Conclusions 

From this study, it was found that convective heat transfer is important in determining airlock gas 
temperature. By using the heat exchanger , the severity of the high temperatures associated with the 
compression processes will be lessened. Finally, depress temperatures are low but should be no problem 
for suited astronauts. 


The Simplified Aid for EVA Rescue Device 

During the construction phase of the Space Station, astronauts will be required to perform many 
long-duration EVAs. While conducting these EVAs, it is possible that an astronaut may become separated 


248 





PREDICTED PIRLOCK 


GPS temperpture RESPONSE 


o on . ock ib.i 
• OPLOCK 10 . Z 


ir IM.CT cps 
aaF INLET cos 


• PfCOCX II 3 
« BPLOCK IB 4 


sr inft c«3 
7 Of IM£T OQS 



One possible rescue method employs the Simplified Aid 
before the EVA begins, a small thruster back pack is a «?chedto four ma in propulsion 

then worn throughout the duration of the space walk. TOis bac P , , ... oressure non-reacting gas 
thrusters and 1 2 smaller course correction nozzles, all of w ■ ^^ ma ji cst ’ containment vessel 

from a storage tank. OurenUy, the “X^^geismS (ref. 10). If, 

Sg^EvtlTm^e C „cTSse°”e°S^i system is activated, the asuonau, fires Ore thrusters and 
guides himself to a place of safety. 

As can be shown by the governing equations for supersonic nozzle flow (ref P^?™ MCC 
of the SAFER thrusters depends almost exclusively Gnthethemc^man^ S^^g^^^ince mass is 

tankhave a significant impact on the performance, size and weight of the SAFER syste . 
E'^^t^S^veral unique hea, transfer and. 

not lend themselves to simple closed-form solutions. First, the transtent coohng of the storage tank by 
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radiative heat transfer to deep space is described by a non-linear differential-equation, and except for a few 
idealized cases cannot be solved. The SAFER system cannot be treated as an idealized thermal radiator, 
since it also exhibits conduction and re-radiation, complicating die problem and making an analytical 
solution impossible. Second, the propulsion thrusters are supersonic nozzles and their performance is 
determined by nozzle inlet and storage tank conditions, but the storage tank pressure and temperature are 
dependent upon the mass flow rate out of the thrusters. It is clear then from the above examples, that both 
situations are quite complex and numerical models must be developed. 

Storage Tank Model 

The first situation to be examined was the radiative cooling of the storage tank gas before the 
thrusters are fired, since these results are important in the development and analysis of the thruster model. 
This model considers the heat loss of the gas and gas containment system to deep space during the EVA, 
before any propellant is used. 

Figure 26 presents a simple schematic of the propellant tank. Here, the xenon gas is contained in a 
rigid metal pressure vessel, which is protected from meteoroid impacts by a thin metal shield. The entire 
apparatus is then placed in a holding mount within the plastic (maybe fiberglass) SAFER shell and 
surrounded with Multi-Layer Insulation (MLI). The gaps between the spheres may be evacuated or filled 
with MLI. The dimensions listed on this figure are only preliminary (ref. 11) since many factors (choice 
of nozzle, amount of line heating, amount of gas), which have yet to be accurately determined, influence 
the tank size. 



SAFER 

SHELL (D = 7.5 IN) 


METEOROID 

PROTECTION (D = 7.25 IN) 
SHIELD 


PRESSURE 
VESSEL (D = 7.0 IN) 


Figure 26: Schematic of the Storage Tank 


Before the numerical model was developed, certain simplifying assumptions were made. 
Assumptions were made for both the gas and its holding vessel and these are listed below. 

1) The pressure vessel and meteoroid shield are constructed out of stainless steel. 

2) Xenon is the only gas considered. The model will be developed so that other gases can be considered. 

3) Preliminary weight estimates are; 16.0 lbm (7.25 kg) for xenon, 10.6 lbm (4.80 kg) for the pressure 
vessel, and 0.5 lbm (0.23 kg) for the meteoroid shield (ref. 1 1). 

4) The pressure vessel, meteoroid shield and SAFER shell are treated as concentric spheres. The 
conduction and radiation conductors for this situation are found by the method outlined in reference 9. 
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5) only die worn ease cooling situation will be co-Wcr^at is tijctc la no incident radiation fen the 
Sun, SSF, Space Shuttle or Earth on any portion of the SAFER system. 

6) MLIis’used as the insulating material. 

$ examines dte quiescent fluid befote thruster 

9) Radiating surfaces have an effective emissivity of 0.05. 

Hie development of a SfNDA/FLUNT SjSiS is 

First, each piece of the storage tank assembly is amsi transfer conductors between the each node 

determined (mass multiplied by md 7 With this accomplished, a boundary 

^ «F (-273.2 K) and the FWDBCK method (tef. 1) is used to 

determine die transient cooling process. 

Smrf a“S d wha, factors influence the radiative "5X3}, .five 
suggest *PP ro P"? ,e cOTsS"Sation as the sole means of heat transport to the 

rnZr^emTha. fs.tehea.t^sfer 

which has an effective emissivity. e*. of 0.05. FOr all cases, "*** “ ““ 

environment of space by radiation, over a maximum period of 16 hours. 

Figure 27 presents the transient s^^^bi^fble 

^orloS'^^ 

taCfM” 1 drat a 

yhe Storage Tank/Thrysft r Mod s! thruster svstem Here, gas from the storage tank 

Figure 28 presents a simple schematic of the thruster ^siot. nc , 5 t the 

flows into a pressure regulator to ensure that a c n 0 ^P« s o s “^ 

entire time of thruster operation. The working nozzle ^ provide thrust for the back pack, 
nozzles where it is expanded lsentropicaUy exac tworking pressures, temperatures, 

Since a thruster design (manufacturer) has yet to be chosen, the exact wonong P ic k- 

nozzle areas and flow rates of this system are not known. 

Before the thruster model was developed, the follo ^ g J^j^ ik condition 

1) All the candidate gases (argon, xenon, nitrogen) areconsideredideal, e (aDoroximately 500 - 

of 8000 psia. At the' Nozzle inlet (after the regulator) The 

1000 psia) that the gases behave ideally and the relauonships for ideal pe 

Smgdtle (enthalpy is constant), thus for idea! gases there is 

no temperature drop. 


251 



TEMPERATURE RESPONSE OF XENON GPS 


■ nciti 11 enact XTwxn i.« cox< 

• new I S COSC 2 -11CRM 1.5 COSES 



T i me - HR 


Figure 27: Predicted Cooling of Storage Tank by Radiation for Five Insulating Cases 


Table 5: Predicted Gas Storage Temperatures at Various Times for Different Insulating 
Conditions with the Initial Temperature Set at 70 °F and the Deep Space Environment 


Set at -460 °F. 

Insulating 

Temperature 

Temperature 

Condition 

After 6 Hours 

After 10 Hours 


(°F) 

(°F) 

Case 1 

0 

-25 

Case 2 

50 

40 

Case 3 

65 

60 

Case 4 

66 

64 

Case 5 

68 

67 


3) The convection in the storage tank due to mass removal may be modeled as described in reference 12. 

4) The thermal model developed to predict environmental heat leak may be incorporated into this model. 

5) The thrusters and regulator performance will be based on die most recently available data (ref 1 1). The 
model will be built in such a way as to accommodate changes in thruster design. 

6) The storage tank volumes of the three gases in cubic feet (meters) are; 0.223 (0.00631), 0.122 
(0.00345), 0.307 (0.00869) for argon, xenon and nitrogen, respectively. 

Figure 20 was used to model the SAFER system. The storage tank is represented by the TANK 
option which allows calculation of transient pressure and temperature changes as mass is removed from 
the tank. To account for the environmental heat loss, the TANK is tied thermally to the previously 
developed SINDA model of the storage container by the use of a convection heat transfer (HTU) tie. The 
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value of this tie is determined by the method outli^ m refOTno^l option and a junction 

exhausting spherical pressure vessels. The die mainprogram to alter the 

of to device is governed b, to following eqnenon. 


m = At*Po' 


w 


k*G c * 
T 0 *R 


v,f) 


[3] 





Figure 28: Schematic of the SAFER System. 

R e sults for lh& St or a g e T f»y examined. First, the model was run with and 

For the thruster study, two flow situations were exanu thicc can didate gases (argon, 

without heating of the incoming ^ to dete^ne their individual effects on 

SSsSsSskss— - 

Figure ^sho^^ ^A^wo^^g 

heating during a one minute o^ration ^odj ^ * ^ u^ted situation, the inlet nozzle 

maintained at the initial conditions of 70 F (294.3 “h w ^ nmults it is clear dial inlet heating is 
temperature is identical to the storage tank tempraw*. nwferequirad to maintain 
beneficial, since at to end of to run an approxmtately 30* . g g ^g ^SStoconSumU at a faster rate. 

S5SSE^^3^ <*■*• "• *• SAFER sys,em 

would be larger and bulkier. 

To further examine what factors influence system ]xrforr^c<^ the t0 70 op 

different working fluids for identic* operating conditions. l £££r 

(294 3 K) Figure 30 presents the thermal response of the storage tank eases. Since 

Mk iSSSStSS^ rank temperatures must drop mom 

quickly than nitrogen. 
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PREDICTED NOZZLE INLET HEATING 



Figure 31: Predicted Heat 


Addition to Maintain 


the Inlet at 70°F for Three Gases 


SAFER Summary and Conclusions 

Two SINDA/FLUINT models have been > Since 

hydrodynamic response of various component* id ^he SAFER * can be easUy 

ibass^Ks 

regulators. 

One model predicts the thermal response of SVl^r^sWeSd^rc^l^ teSnhmd Eat leak 
predicts that with a simple MLI insulating .scheme and ame^rotd shield, tnerc wu 

to the environment during the EVA time (sixteen hours or les ). 



of the storage tank during thruster operauon. *« A c "tank hi addition, preliminary 

ffiSSS: ETpropeUam, since it requires the lowest heat input to maintam 

the required conditions. 
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CONCLUSION 


Because of its versatility, SINDA/FLU1NT has been applied to a wide variety of aerospace 
problems at JSC and elsewhere. For different problems, different features of the code have been used. 
Some aspects of the code which have been utilized at JSC include transient simulation, boiling and 
condensation, two-phase flow pressure drop, slip flow, multiple submodels and depressunzatton. 

Several of these applications have been described in this paper. Use of SlhdDA/^UIOT by die aerospace 
community and others continues to increase as the capabilities of the code expand (ref. 13). 
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SUMMARY 

The capillary pumped loop (CPL) system is one < S^B^o'a 
dilate heat energy in the radiation environment of the Space Station provramfl i * 

sy^emjs 6 !^ th ® %$£ ^^the 

the radiation surrounding but works as an evaporator. A CPL system with tms jp 
mnHonttpr is modeled to simulate its function numerically. Preliminary 
tem^ratare variations oHhe system are shown and more investigations are suggested 

for further improvement. 


INTRODUCTION 

A caDillarv pumped loop (CPL) system consists of an evaporator P um P-f 
condenser, a subcooler! a vapor transport line, a liquid transport 'me and a storage tank 

^ht^n^lilKumd alV^Jinlric^^TSrtube 

p nrates « cpl system equipped with a condenser having a two-phase/two P ase 
double tube htSation sSudlure is to be simulated numeri^ A schema., c block 
diagram is shown in Fig.1 and illustrates the control devices of its flow. 

The system has two different types of evaporator 
units of evaporator pumps, double two-phase heat exchan^r (rail DBTPH^ , system^ 
which has six DBTPHX units as shown in Fig.2, a subcooler next to the DBTPHX system 
with a non-condensible gas collector, long liquid and vapor lines, , 

Ms consisting of valves and fluid meters and a reservoir wrth a starter pump^ In 
order to have a manageable simulation system, certain assumptions are made. _ (1) A 
cold plate evaporator pump replaces a hybrid evaporator so that two identical cold Iptete 
^orator pXs are a set of evaporator pumps; (2) fan-shape inlet and exrtsedK)ns 
of the DBTPHX (Fig.2) are assumed to be an assembly of six straight tubes i 
tel ol elevation (3) he non-condensible gas(NCG) collector in the subcoole does no 
affect^ the performance of the system; (4) the flow control devices for the system , is .not 

included in the model in question; and (5) the storagetan^ te 

with constant properties. Such assumptions result in the block diagram as snow 
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Fig-3. 


Starting from the end of the subcooler, a few key points are identified as J1001, 
J1002,...,J1005 along with the Line 101, Plen 999, evaporator, Line 401, TEMP2C 
condenser, TEMP3C evaporator, TEMP2C subcooler and R114 chiller. A code known 
as SINDA’85/FLUINT (Cullimore and others, 1 989) is employed for the simulation scheme 
and similar notations to those of SINDA’85/FLUINT are used in Fig.3. Details of these 
components consisting of an entire simulation model are illustrated in the following 
sections. 


EVAPORATOR PUMP SYSTEM 

Cross-sections of the evaporator pump in two directions are shown in Figs.4a and 
4b. Fig.4c illustrates how the liquid flow evaporates. The cold plate evaporator 
pump(EVP) with twelve(12) EVP’s, twelve isolators are shown in Fig.4d, and a simplified 
model is indicated within the cross-hatched area in Fig.4d with one unit of the heat-pump 
and an isolator attached to it. Fig.4e explains the cross-section of the circular heat-pump 
and attached plates. Based on this figure of the combined cross-section, an approximate 
method for the extended surface theory is used. Namely, at the mid point of the plate, 
the temperature is the maximum and the temperature at the tube is a fixed temperature. 
Therefore, an approximate fin efficiency is used for an average temperature(or 
conductance) as far as the plate is concerned. The radial cross-section of the EVP has 
40 internal grooves in the outer shell. From a header, liquid enters the isolator, 
permeates the porous layer, reaching the core of the EVP. Once the liquid reaches the 
groove surface through permeation, heat transfer from the outside causes vaporization 
of the liquid. Evaporated fluid is pushed to the grooves(Fig.4c) and to the vapor header 
and enters the vapor transport line. Cullimore (1989) successfully demonstrated a 
numerical model by using a MACRO command, CAPPMP. Therefore, his method is 
employed for the EVP system. The capacity of the EVP system is assumed to be 400 
watts. 


DOUBLE TWO-PHASE HEAT-EXCHANGER SYSTEM 

In the DBTPHX, the condenser is a inner circular tube coupled with an evaporator 
which is the annulus section of the DBTPHX. The inner tube has axial grooves internally 
and externally and porous material layers occupy the space next to the grooves in the 
annular section and the core section, respectively, so that liquid, from capillary action can 
permeate the grooves and the porous layers. 

Six DBTPHXs connected in parallel function as the condenser and are designated 
as TEMP2C. The layer of porous material, Porex, enhances condensation in the internal 
grooves. Six DBTPHX evaporators connected in parallel are designated as TEMP3C. 
The layer of Porex directs the liquid flow in one desired direction. Porex has a 
permeability of 2.3x1 0E-1 3. 
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Frnm the inlet of TEMP2C a vapor enters internal grooves of the internal tube, 
condense" he surface of the porous' layer and 

for a mixture of saturated liquid and vapor to leave TEMP3C. 

c . j ch ehow an axial cross-section and a radial cross-section, 

HvH^ 

Sd^irrt^TB^P^c'^idTEMPSC^ttieqM^S^m^nuitoten^idtoen^ai^^lHwarhi 

to rdedlntol^mems 0 ’ Accordingly, the qua«y will be assigned for 
TEMP2C and TEMP3C. 

SUBCOOLER AND R114 CHILLER 

ThP subcooler of the CPL has a complicated structure for a vapor trap to cope with 
toe pretnl study ln the location of the trap, a flat plate is placed Similarly to the 

is assumed to be rather small in comparison to that in the direction of the tube axis, 
each leg of the subcooler and the chiller a uniform temperature is assumed to exist and 
the 180 9 degree bends connecting four legs are considered to be adiabatic. This is to be 
handled with a MACRO command of SINDA'85/FLUINT. 

The subcooled liquid passes through the liquid transportation line , j® 

considered adiabatic. A pressure drop through this passage is added to the system 
pressure loss. The liquid then enters the evaporator pump. 

The liquid reservoir is added to the system model as a ptonuni the 
properties as constant. A mixing process in the reservoir may not result 
properties, nonetheless, it is assumed a steady state process. 
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INPUT FILE FOR THE COMPUTER PROGRAM 


An input file for SINDA’85/FLUINT was constructed based on the following 
Headers: 

1. Header Options Data 

2. Header Node Data, Plate 

3. Header Conductor Data, Plate 

4. Header Control Data 

5. Header Source Data, Plate 

6. Header Flow Data,TEMP2C 

7. Header Flow Data,TEMP3C 

8. Header Flow Data.STLTS 

9. Header Flogic 0.TEMP2C 

10. Header Flogic 0,TEMP3C 

11. Header Flogic 1.TEMP2C 

12. Header Flogic 2.TEMP2C 

13. Header Variables 1, Plate 

14. Header Output Calls, TEMP2C 

15. Header Operation Data 
Build DBTPHX, Plate 

Build DBTPHX, TEMP2C,TEMP3C,STLTS 
Call Fastic 
Call Fwdbck 

16. Conditional Call for Restar 

17. Header Subroutine Data if any 

1 8. End of data 

Details of these headers are explained in the manual(Cullimoreand others, 1989). 
Diffusion submodels consist of the evaporator tube, its plate with the web.the internal 
tube, the external tube of the DBTPHX and its subcooler and chiller bodies with the 
plates. All of these submodels are represented by a diffusion model, PLATE. Node and 
Conductor Data sections have the initial temperature, capacitance and conductance of 
these submodels. The fluid submodels are TEMP2C, TEMP3C,and STLTL. TEMP2C 
represents the evaporator pump, condenser, its subcooler and the transportation lines. 
TEMP3C represents the buffer evaporator and STLTL represents the refrigerant chiller. 
Transportation lines for liquid and vapor are adiabatic. The numbers for nodes, conductors, 
lumps and connections of the EVP’s are in 200’s and the remaining numbers used for the 
thermal and fluid submodels are listed in Table 1. 

Using the standard notation for SINDA’85/FLUINT, one unit of EVP is illustrated 
in Fig. 8 by using the notations of the code, whereby the macro command CAPPMP is 
applicable. 
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Asymbolic diagram is drawn forthe condenser^EMP2C e^or^SC. 

^SHr=sr."S 

command HX. 

Table 1 Diffusion and Fluid Model Identifications 
by a Range of Numbers 


Liquid Transportation Line 
Evaporator 

Vapor Transportation Line 

Condenser/TEMP2C 

Subcooler/TEMP2C 

Evaporator/TEMP3C 

R114 Chiller 

Storage Tank 


100 to 199 
200 to 299 
400 to 499 
500 to 599 
600 to 699 
700 to 799 
800 to 899 
900 to 999 


RESULTS and DISCUSSIONS 
A start-up performance is run as the first trial with a 

M Son, the Fwdbck procedure takes over the 

SSSSSSFSSSStowg: 

at those locations for 

FWDBCK scheme. Some of the results by Neiswanger and others(1987) seem 
that the trend of temperature rise is similar. 

At about 25 minutes, a steady state is reached: the highest tem P^ u . r ® 
evaporator plate is 39.7 C and the fluid temperature of the evaporator pump is 38.4 C. 
This tendency should be compared with that of an expenmenta resu y. 

R esu lts of shorter segments of DBTPHX were not included and the araxiraqr of 
the current* result has not been established with respect to the segment aze.ahe 

SjasMrsKaawMs 

Of Fwdbck initially and STDSTL operations have not yet been tested with this input . 
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These analyses are ongoing at present and will continue until* satisfactory results are 
obtained within a reasonable error limit. 

In the process of computation, it was necessary to use the Fastic scheme initially 
with the linear relationship for the quality along the half length from the mid point in both 
TEMP2C and TEMP3C sides of DBTPHX. As a result, a stable result was obtained 
within a few number of iterations in the Fastic calculation. Thereby, the Fwdbck 
procedure was carried out further.eventually to lead to a steady state condition. 

CONCLUDING REMARKS 

A CPL system with a DBTPHX condenser was analyzed to simulate performance 
of the system with simplifying assumptions. The maximum temperature at the 
evaporator plate reached 39.7 C. Further parameter studies should be done for better 
results of temperature, pressure and quality distributions. No experimental results have 
been compared to the present results. That comparison will be critical for refining the 
input file. 

In general, improvements can be made by increasing the number of the segments 
for the DBTPHX for more accurate solution, because the process of Fwdbck gives stable 
solutions but does not provide accurate solutions. Similarly, the evaporator pump and the 
chiller legs should be divided into several segments and search for better solutions for 
performance simulation is desirable. Other modeling methods for the DBTPHX may be 
tested and their results should be compared with the result presented here. 

The effect of the neighboring isolators on the liquid flow, and precise heat 
convection coefficients at the evaporating and condensing surfaces in the grooves and 
porous layers are not available. Those values that come from the subroutine are the 
convection coefficients for the usual boiling and condensing conditions over a flat plate 
or cylinder(ASHRE,1989; Chen, 1963). The heat transfer coefficients used in this paper 
may yield first order approximate performances, however.the average heat transfer 
coefficient obtained from the NASA experiment (Neiswanger and McIntosh, 1987; 
Cullimore, 1989) will be used for further testing. Finally, deleting the simplifying 
assumptions in making a working model will yield a satisfactory simulation. 


ACKNOWLEDGEMENT 


This project was supported by the GSFC, NASA (Grant Number #NAG5-1 503) and 
special appreciation is extended to the Program Officer, Mr.T. Swanson for providing 
valuable reference materials developed by OAO corporation, Greenbelt, Md. 


262 


REFERENCES 

1. ASHRAE Hand Books, Fundamentals, 1989, l-P Edition. 

2. Chen. J.C.,1963. 'A Correlation tor Boiling Heat Transfer to Saturated Fluids on 
Convective Flow, "ASME Paper 63-HT-34 

~ icu7 "A Practical Method for Numerical Evaluation of Solutions 

oi P>D>E'ot Heafeonduction T ype . -Proc. Camb. Phil. Soc.. Vol.43, p.50 

4. CuHimore. B. at al„ 1990. Systems lm 

Fluid Integrator, User's Manual, Version 2.3, Contract NAS9-1 7446, Mon 
Marietta, Denver, Colorado 

o iqqi qinda/FLUINT The Second NASA Thermal/Fluid 

^orKCNoteisZsord^meTewis 1 Researoh Center. NASA, Cleveland, Oh,o 

n Kim R 1990 Two-Phase/Two-Phase Heat Exchanger Anafysis, Inter. Report to 
NASAJASEE Summer Faculty Research Program, Sponsored by the NASA.GSFC, 
Greenbelt, Md. and Howard University 

7 Ku. J.. Kroliczek, E„ Butler. D„ McIntosh, R 

PumDed Loop Gas and Hitchhiker Flight Experiments,- Paper No., 86-1248, A aa/asmc 
4th Thermophysics and Heat Transfer Conference, Boston, Massachusetts, June 

8. Neiswanger, L„ McIntosh, R., 1987, CPL Modeler, Version 1.2, NASA, GSFC, 
Greenbelt, Md., June 1987 


263 



© ABSOLUTE 

PRESSURE CUACC 


© differential 
PRESSURE CUACC 

§3 VALVE 


Fig.l A Capillary Pumped Loop System with 
a Double Two-Phase Heat Bxchanger 


264 



















Nil) liquid 
From TIMF3C 


NII3 Vo par 
lo TCMF3C 




Fig. 2 


A Double Two-Phase Heat Exchanger and 
and Its Front and Elevation Views 


PLEN 



Fig. 3 A Slmpl led Block Diagram for the CPL Systea 


265 





I 




ru.4 A Cold Plate Heat Pump Evaporator System(a)Axial Croas- 
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Isolators and a Simplified Model in the Shaded Area and 
(e)a Cross-Section of the circular Heat Pump and Plate 
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Fig. 8 Block Diagram of CAPPMP for the Evaporator System 
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Subcooler /TEMP2C 










Time, Min. 


Fig. 10 Temperature-Histories at Evaporator,TEMP3C 
and Subcooler for the First Two Minutes 



Time, Min. 

Fig. 11 Temperature-Histories at Evaporator, TEMP3C 
and Sucooler for 30 Minutes 
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A SINDA '85 Nodal Heat Transfer Rate Calculation User Subroutine 

Derrick J. Cheston 
NASA Lewis Research Center 
Cleveland, Ohio 44135 


SYMBOLS 


thermal capacitance of node i 


Qi 


zneimcu. — . . 

linear conductance between nodes 1 and j 

757: nonlinear conductance between nodes 1 an j 
Q ± impressed heat on node i . ,< 

linear energy transfer rate into node 1 
nonlinear energy transfer rate into node 1 
“n"*“ total of all energy into node i 


uu 


yj temperature of node i 


t time 


SUMMARY 

This paper describes . subroutine, CETQ. “ ™ 

heat transfer rates through all conductors ett.ched to^ode .ithi^ 

•85 thermal submodel. The subroutine .as written forj e^^ Mkmr 

•85. Upon calling CETQ, the user “Pf ‘"'‘' "j tm( d heat 

which the heat transfer rate computation is / 1L nea r source and corn- 

transfer rate values are broken down into linear, nonlinear, source 

bined heat loads. 


INTRODUCTION 

SINDA '85 has many powerful subroutines and ^^heat^ource values 

user to access temperature, capacitance, conductan , variables to 

associated with thermel models. The ability to •«•»*... vsrisbl.. 
affect the solution is an invaluable attribute of SINDA 

Often, however , . user needs the ' h e he« tr.ns^r J.te^o^^node^ 

through all conductors attached. The ^ selected nodes The usefulness is 

subroutines which perform "energy maps for select 
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limited by the fact the computed heat transfer rate Information is output to a 
file, and thus is not accessible during execution. If a user wants to access 
the heat transfer rate values they must be calculated by logic input by the 
user. The user must calculate the temperature difference between nodes and 
multiply that value by the conductance between those nodes. An increasing 

number of conductors attached required a disproportionate increase in logic 
required . 

The user subroutine GETQ, described herein, automated the procedure described 
above. GETQ computes and returns the value of the sum of energy transfer 
rates into a node. 


GETQ FUNCTIONAL DESCRIPTION 

The subroutine GETQ was written to compute and return the value of the sum of 
the energy transfer rates to a given node. The finite difference form of the 
energy equation used by SINDA '85 is shown below: 


C i 


dT± 

dt 



{ GyiTj-Tj * 5^[r/-r/]} 


(i) 


The right hand side of Equation 1 consists of three terms which are described 
as source, linear, and nonlinear terms. The source term, Q x represents the 
impressed heat load onto the node. The linear term, Q A Un# „ represents the 
sum of the linear heat transfer rate into the node through all linear conduc- 
tors. The term Q t non ii n#mr represents the nonlinear heat transfer rate into the 
node through all radiation conductors. The expressions for the linear and 
nonlinear terms are shown below in equations (2) and (3) respectively: 


O^lTj-T,]) < 2 > 

( 3 ) 


The GETQ subroutine returns the values of Q lt Q t Un „ r , Q t nonlln .. r and the sum 
of these three values, Q* gUB . 
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GETQ USAGE INSTRUCTIONS 


The version of GETQ presented herein 1. 

tine. It could, with proper -odificetlon b '^ e ^““ n * resptir , slb u for 
iSSES « esincalnlng SINDA'85 et the user’s sit. should be contented to 
perform this service . 


Location of Subroutine 

. •-*>., pfto subroutine should be included in the user's 

ssrrass r r; f 

:^" n siND?t 5 HSel^ch utilise. GETQ he. been included .. Append!* 
B. 

If this subroutine will be used often, the user may wish to use the SINDA'85 
INCLUDE macroinstruction to simplify reuse. 


Location of Call Statement 

^uoSf r ?«Mils"o!*v«M^T S&SV'SSE Subroutine 

25T^£ Since the te.per.ture vslues . ^ conductor 

potentially time and temperature ^P^ent ixtoU ^ h^ ^ ^ solution 
rate values will represent more rea , . f t ^ e ca n to GETQ is in 

timestep. Therefore, the most appropriate location for the cal h 

VARIABLES 2 or OUTPUT logic blocks for either transient or steady state 

analysis . 


How to Call GETQ 

The call statement to GETQ requires six arguments a ^* ntS 

are inputs , the remaining four are returned computed heat transf 

values . 

in order, the ergunents to GETQ ere 1) • "S 

submodel name for the node of interest, 2 ) an int 8 , Q . 4 s 

•cruel (user ..signed) nod. nunb.r; 3) * *q° e viTubl. 

a variable for storing Q lnonU »..r; 5) a variable for storing Wi. ) 

for storing QLIN+QRAD+QSRC . 

The user ney us. eny properly defined veriebl. •• «gunent. in the cell 

statement . 


DEMONSTRATION OF USE 

problem description. 
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Sample Problem Description 


A 1 kilogram mass aluminum is heated at a rate of 100 Watts. The exterior 
surface of the mass has an area of .01 m 2 , an emissivity of .5 and a convec- 
tion coefficient of 10 W/m z -K. Assuming a specific heat of 900 J/kg-K, find 
the heat loss to the environment via radiation and convection separately 
during the first 30 minutes of heating. Assume the temperature is uniform 
throughout the mass and that the initial temperature is 100 C. See Figure 1. 


radlaflon^^^ 

>QSink Temperature 
^ / 100 C (Node 09) 

100 



watts 

(Nodal) 

convection 


Figure 1. Schematic of Sample Problem 


Sample Problem Input File 

A SINDA '85 model of the above problem has been Included as Appendix B. 

The model has a call statement to GETQ in the OUTPUT logic block. 

Since the desired output is the heat loss to the environment via convection 
and radiation, the boundary node was chosen as the argument to pass to the 
GETQ subroutine. For this example, either of the two nodes would be suitable 
candidates. If, however, the mass were composed of N nodes attached to the 
boundary node, the boundary node would be the obvious choice of arguments to 
GETQ. The other option would be to make N calls to GETQ to get the same 
Information. 

Once the values of Q 1 U n.«r. Qi_noniin.« . Qi. and Qi_.™ *re returned, the user can 
use them as desired. In this "case, the values are printed to a user file. 

The user file has been included as Appendix C. 

To further illustrate the benefits of this subroutine over the SINDA' 85 
Library Subroutines, N0DMAP was also called from the OUTPUT logic block. 

N0DMAP is one of the many Library Subroutines supplied with SINDA '85. The 
output from the N0DMAP subroutine has been included as Appendix D. 
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USAGE CAUTIONS 


One Way Conductors 


One -«y conductors In SINDA'85 the'processor^ These neeseges 
UNRAIAMCED" ceutlon to eccoullt for the energy flowing out 
indicate an inability . attached The GETQ Subroutine has the 
"Ole thot he. * one-.ey “^“InMr t^ only eccolt. for the energy 

ESfS; oS-w«y°cond»cto5s'rf.lc h hev. node 1 M the Oownstr.M node. 


BUT 

of a 

sane 


Using GETQ with DRPMOD 

If . user desires to drop . 

Subroutine , DRPMOD, ney be doctor. which were etteched 

DRPMOD causes the submodel to be PP • J dropped submodels will renain 

perforned^by 

dormant model . 
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Appendix A - GETQ User Subroutine 


c- 

c 

c 

c 




SUBROUTINE GETQ(SUB»t>L, NODEA, OLIN, ORAD, QSRC, SWIG) C 

AUTHOR: DERRICK CHESTON C 

VERSION: 1.0 5 

CREATED: OCTOBER 3, 1991 C 

UPDATED: AUGUST 15, 1992 C 


FUNCTION: THE SUBROUTINE COMPUTES THE HEAT TRANSFERRED TO A SPECIFIED NODE C 
FROM ALL ATTACHED NODES IN THE CURRENTLY BUILT MODEL, TH ROUGH C 

ALL CURRENTLY BUILT CONDUCTORS. IT IS TYPICALLY USED TO COMPUTE C 
THE DISTRIBUTION OF HEAT FLOW INTO BOUNDARY NODES. C 

C 

ARGUMENTS: SUBWL - THE NAME OF THE SUBMODEL (CHARACTER) C 

NOOEA • THE ACTUAL NODE NUMBER FOR WHICH HEAT FLOW IS TO BE C 
COMPUTED (INTEGER) C 

OLIN • RETURNED VALUE OF LINEAR HEAT TRANSFER INTO MODE (REAL)C 
GRAD • RETURNED VALUE OF NONLINEAR HEAT TRANSFER INTO NODE C 
(REAL) C 

QSRC - RETURNED VALUE OF IMPRESSED HEAT LOAD INTO NODE (REAL) C 
SUMO - SUM OF ABOVE THREE VALUES (REAL) C 

C 

CALLING: THIS ROUTINE SHOULD BE CALLED FROM VARIABLES 2 OR OUTPUT CALLS C 




SUBROUTINE GETO(SUBMDL,NODEA, OLIN, ORAD,OSRC, SUMO) 
CALL COMMON 
CHARACTER SUBMDL*(*) 

REAL *8 QRAD, OLIN, QSRC. SUMO 
INTEGER NODEA.GOFFST 


c******************************************************c 
C FIND RELATIVE NODE NUMBER, NREL FOR NODEA C 
q*#*****************************— ********** ********** c 
F CALL NODTRN<SUB»L,NODEA,NREL) 


P****t*m**##*******tt**B*ttt**M*t**t#**********BttB*f 

C FIND LOCATION OF FIRST LINEAR CONDUCTOR C 

C ATTACHED TO NOOEA C 

ft **************** **•••****•••*******•*•*******•••*•••*0 

F GOFFST-O 

F DO 10 1-1, NREL-1 

F GOFFST«GOFFST*NLIN(l)*NRAD(l) 

F 10 CONTINUE 


£**••************************************************ **c 

C INITIALIZE RETURN VARIABLES TO ZERO C 

c**********************************************»**»****c 

F QLIN-0.0 

F QRAD *0.0 

F 8UMQ-0. 0 




C FOR EACH LINEAR CONDUCTOR ATTACHED TO NODEA C 
C FIND THE CONDUCTANCE VALUE, GAB C 
C FIND THE TEMPERATURE AT THE END, TB C 
C COMPUTE THE HEAT FLOW THROUGH CONDUCTOR, DO C 
C INCREASE THE OLIN BY DQ C 
C NEXT CONDUCTOR C 


F DO 20 I«1,NLIN(NREL) 

F GAB-G(PG(GOFFST+I )) 

F Tt*T(PT(GOFFST*I )) 

F DQ*GAB # (TS-T(NREL)) 

F QLIN-QLIN+OO 

F 20 CONTINUE 


C***»#*************************************************£ 

C FIND LOCATION OF FIRST NONLINEAR CONDUCTOR C 

C ATTACHED TO NODEA C 

C*****************************************************^ 

F GOFFST-GOFFST+NLINCNREL) 
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p...**..**«******************************************* c 

C FOR EACH NONLINEAR CONDUCTOR ATTACHED TO NODEA C 

p FIND THE CONDUCTANCE VALUE. BAB C 

C FIND THE TEMPERATURE AT THE END, TB C 

c COMPUTE THE HEAT FLOW THROUGH CONDUCTOR, DO C 

C INCREASE THE QRAD BY DO C 

^**#**m*«I*«5S******»******************************* c 

F DO 30 I»1,NRAD(NREL) 

F GAB«fi(PG(GOFFST*I» 

F Tt»T(PT«SOFFST+I)) 

F 0 O«GAB*SIWA*«TB-ABSZAO)*‘ 4.0 

F orad-qrad+oo 

F 30 CONTINUE 

r naflPUTF IMPRESSED HEAT LOAD OH HODEA, OSRC C 

l .«S^«I^"“-*«**********************”** C 

F 0SRC*O(NREL) 


(T(NREL) -ABSZRO)**4.0> 


c ********.*«rt>************************»**************** c 

C COMPUTE QSUM ■ QLIN ♦ OSRC ♦ QRAD ix i xxjll „ t „r 

C*>«* f < f —****************************** c 

F SUMQ*QL 1 N+ORAD+OSRC 

END 
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Appendix B - SINDA '85 Model for Sample Problem 


$ STOP SOLUTION AT 30 MINUTES 
S OUTPUT INTERVAL 30 SECONDS 


100 


HEADER OPTIONS DATA 

TITLE SAMPLE PROSLEM DEMONSTRATING GETQ 
OUTPUT ■ODOT .OUT 
ONAPaODOT .NAP 
HEADER NODE DATA, SLOCK 

1, 100., 1.*900. 

-99, 100. p 1.0 

HEADER SOURCE DATA, SLOCK 

1 , 100 . 

HEADER COMKICTOR DATA, SLOCK 

•1. 1. 99, .01*. 5 S RADIATION CONDUCTOR AREA*EN1S 

2, 1, 99, .01*10. $ CONVECTION COKHJCTOR AREA* CONVECTION COEFFICIENT 

HEADER USER DATA, GLOBAL 

QAPPLY-1.0 S VARIASLE FOR STORING IMPRESSED HEAT RATE 

QGONV*1.0 S VARIABLE FOR STORING CONVECTION HEAT TRANSFER RATE 

QNLIN-1.0 S VARIABLE FOR STORING RADIATION MEAT TRANSFER RATE 
QTOTL*1.0 S VARIASLE FOR STORING TOTAL NEAT TRANSFER RATE 
HEADER CONTROL DATA, GLOBAL 
SI0NA*5.6778E-8 
ABS2RO-273.15 
T INEND *60. *30. 

OUTPUT *30. 

HEADER OPERATIONS DATA 
WILD ASSBLT, SLOCK 
CALL FUDBCK 

HEADER OUTPUT CALLS, BLOCK 

CALL GETO( # SLOCK # ,99,0C0NV,0NLIN,QAPPLY,0T0TL) 

WRITE <71, 100) TIMEN/60., OCONV, QNL1N 
FORMAT('TIME (MINUTES) « \ F10.4,5X, 

f CONVECTION HEAT LOSS (WATTS)*', E12.5,5X, 

'RADIATION HEAT LOSS (WATTS)*', E12.5) 

CALL NODMAP( 'BLOCK' ,99,1) 

CALL TPRINT('ALL') 

HEADER SUBROUTINE DATA 
C- 
C 
C 
C 

c 
c 

C 
C 

c 

C 
C 

c 

C 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c- 

F 


♦ 

♦ 


SUBROUTINE GETO(SUSIi>L,HODEA,QLIN,QRAD,OSRC,SUIQ) 

AUTHOR: DERRICK CHESTON 
VERSION: 1.0 
CREATED: OCTOBER 3, 1991 
UPDATED: AUGUST 15, 1992 

FUNCTION: THE SUBROUTINE COMPUTES THE HEAT TRANSFERRED TO A SPECIFIED NODE 
FROM ALL ATTACHED NODES IN THE CURRENTLY BUILT MODEL, THROUGH 
ALL CURRENTLY BUILT CONDUCTORS. IT IS TYPICALLY USED TO COMPUTE 
THE DISTRIBUTION OF HEAT FLOW INTO BOUNDARY NODES. 


ARGUMENTS: 


SUBM)L 

NODEA 

QLIN 

BRAD 

QSRC 

SUMQ 


- THE NAME OF THE SUBMODEL (CHARACTER) 

- THE ACTUAL NODE NUMBER FOR WHICH NEAT FLOW IS TO BE 

COMPUTED (INTEGER) 

- RETURNED VALUE OF LINEAR NEAT TRANSFER INTO NODE (REAL) 

- RETURNED VALUE OF NONLINEAR HEAT TRANSFER INTO NODE 
(REAL) 

• RETURNED VALUE OF IMPRESSED HEAT LOAD INTO NODE (REAL) 

- SUM OF ABOVE THREE VALUES (REAL) 


CALLING: THIS ROUTINE SHOULD BE CALLED FROM VARIABLES 2 OR OUTPUT CALLS 


SUBROUTINE CETQ(SUB»L, NODEA, QLIN, GRAD, QSRC, SUMQ) 
CALL C0W40N 

F CHARACTER SUB»L*(*) 

F REAL*0 GRAD, QLIN, QSRC, SUMQ 

F INTEGER NODEA, GOFFST 


C FIND RELATIVE NODE NUMBER, NREL FOR NODEA C 


F CALL NGDTRN(SUBM>L,NOOEA,NREL) 


.w.«..*...*.#.*..*^*.«**************^**c 
C FIND LOCATION OF FIRST LINEAR CONDUCTOR C 
C ATTACHED TO NOOEA C 
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noonooonnnnooooooononnno 



,»*»«*«*»*******»*»»***»»**********c 


F 80FFST*0 

F DO 10 1«1, NREL-1 

F COFFST«GOFFST+NLIN( I )>NRAD( I ) 

F 10 CONTINUE 


£**************** 


,********m*«m********** 4 ******** # ***C 


INITIALIZE RETURN VARIABLES TO ZERO 


pniinw nwtt«t>» 


***»M*«*H*H*«t<H*MMtM*****t*t 


F QL1N-0.0 
F QRAD-O.O 
F BUMQ-O.O 


» »» »»>«««—>«*•*— *—********************0 

c FOR EACH LINEAR COHHICTOR ATTACHED TO NCDEA C 

C FIND THE CONDUCTANCE VAU*, CAB C 

r FIM) the TEMPERATURE AT THE END, TB C 

C COMPUTE THE HEAT FLOW THROUGH CONDUCTOR, DO C 

C INCREASE THE OLIN BT DO C 

F DO 20 I»1,NLIN(NREL) 

F GAB*G(PG(GOFFST+I)) 

F TB»T(PT(GOFFST*I>) 

F DO-CAB*(TB-T(HREL» 

F QL1N-0L1N«0Q 

F 20 CONTINUE 

C FIND LOCATION OF FIRST NONLINEAR CONDUCTOR C 

^♦•••••tll************** ******************* *********** c 

F OOFFST»GOFF$T*NLIN(NAEL) 

_,*,*«***«•»«••»**« **************** ************ ********0 
c FOR EACH NONLINEAR CONDUCTOR ATTACHED TO NODEA C 

C FIND THE CONDUCTANCE VALUE, GAB C 

C FIND THE TEMPERATURE AT THE END, TB C 

C COMPUTE THE HEAT FLOU THROUGH CONDUCTOR, DO C 

C INCREASE THE ORAD BY DO C 

r KENT CONDUCTOR c 

£**»*##**«*#***#**•*•****************************** ****C 

F DO 30 t-I.NRAD(HREL) 

F 6AB*C(PG(G0FFST*T )) 

F DO*GAB*s?CHA*((TB-ABSZRO)**4.0 - (T(NREL) -ABSZRO)**4.0) 

F ORAD-QRAD+DQ 

F 30 CONTINUE 

C COMPUTE IMPRESSED HEAT LOAD ON NCOEA, QSRC C 


t **** 


♦**********•***•**•**************************£ 


QSRC-Q(NREL) 



OLIN ♦ QSRC ♦ ORAD C 


END OF DATA 
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Appendix C - GETQ Output from Sample Problem 


TINE (NINUTES) ■ 0.0000 CONVECTION HEAT LOSS (UATTS)- 0.000006*00 
TINE (NINUTES) ■ 0.5000 CONVECTION HEAT LOSS (UATTS)- 0.332666*00 
TINE (NINUTES) - 1.0000 CONVECTION HEAT LOSS (UATTS)- 0.66311E«00 
TINE (NINUTES) - 1.5000 CONVECTION HEAT LOSS (UATTS)- 0.992006*00 
TINE (NINUTES) - 2.0000 CONVECTION HEAT LOSS (UATTS)- 0.13191E*01 
TINE (NINUTES) - 2.5000 CONVECTION HEAT LOSS (UATTS)- 0.166666*01 
TINE (NINUTES) - 3.0000 CONVECTION HEAT LOSS (UATTS)- 0. 196796*01 
TINE (NINUTES) - 3.5000 CONVECTION HEAT LOSS (UATTS)- 0.228966*01 
TINE (NINUTES) ■ A. 0000 CONVECTION HEAT LOSS (UATTS)- 0.260966*01 
TINE (NINUTES) - 6.5000 CONVECTION HEAT LOSS (UATTS)- 0.292766*01 
TINE (NINUTES) - 5.0000 CONVECTION HEAT LOSS (UATTS)- 0.326366*01 
TINE (NINUTES) - 5.5000 CONVECTION HEAT LOSS (UATTS)- 0.35580E*01 
TINE (NINUTES) - 6.0000 CONVECTION HEAT LOSS (UATTS)- 0.387066*01 
TINE (NINUTES) ■ 6.5000 CONVECTION HEAT LOSS (UATTS)- 0.618116*01 
TINE (NINUTES) ■ 7.0000 CONVECTION HEAT LOSS (UATTS)- 0.66898E*01 
TINE (NINUTES) - 7.5000 CONVECTION HEAT LOSS (UATTS)- 0.670676*01 
TINE (NINUTES) - 8.0000 CONVECTION HEAT LOSS (UATTS)- 0.510176*01 
TINE (NINUTES) - 8.5000 CONVECTION HEAT LOSS (UATTS)- 0.56068E*01 
TINE (NINUTES) « 9.0000 CONVECTION HEAT LOSS (UATTS)- 0.57060E*01 
TINE (NINUTES) - 9.5000 CONVECTION HEAT LOSS (UATTS)- 0.600526*01 
TINE (NINUTES) - 10.0000 CONVECTION HEAT LOSS (UATTS)- 0.630266*01 
TINE (NINUTES) - 10.5000 CONVECTION HEAT LOSS (UATTS)- 0.659816*01 
TINE (NINUTES) - 11.0000 CONVECTION HEAT LOSS (UATTS)- 0.689166*01 
TINE (NINUTES) - 11.5000 CONVECTION HEAT LOSS (UATTS)- 0.71832E*01 
TINE (NINUTES) - 12.0000 CONVECTION HEAT LOSS (UATTS)- 0.767296*01 
TINE (NINUTES) - 12.5000 CONVECTION HEAT LOSS (UATTS)- 0.776066*01 
TINE (NINUTES) > 13.0000 CONVECTION HEAT LOSS (UATTS)- 0.80666E*01 
TINE (NINUTES) - 13.5000 CONVECTION HEAT LOSS (UATTS)- 0.833026*01 
TINE (NINUTES) - 16.0000 CONVECTION HEAT LOSS (UATTS)- 0.861206*01 
TINE (NINUTES) - 16.5000 CONVECTION HEAT LOSS (UATTS)- 0.889196*01 
TINE (NINUTES) > 15.0000 CONVECTION HEAT LOSS (UATTS)- 0.91698E*01 
TINE (NINUTES) - 15.5000 CONVECTION HEAT LOSS (UATTS)- 0.966586*01 
TINE (NINUTES) > 16.0000 CONVECTION HEAT LOSS (UATTS)- 0.97197E*01 
TINE (NINUTES) - 16.5000 CONVECTION HEAT LOSS (UATTS)- 0.99917E*01 
TINE (NINUTES) - 17.0000 CONVECTION HEAT LOSS (UATTS)- 0.102626*02 
TINE (NINUTES) > 17.5000 CONVECTION HEAT LOSS (UATTS)- 0.10530E*02 
TINE (NINUTES) * 18.0000 CONVECTION HEAT LOSS (UATTS)- 0.107966*02 
TINE (NINUTES) - 18.5000 CONVECTION HEAT LOSS (UATTS)- 0.110606*02 
TINE (NINUTES) > 19.0000 CONVECTION HEAT LOSS (UATTS)- 0.11322E*02 
TINE (NINUTES) - 19.5000 CONVECTION HEAT LOSS (UATTS)- 0.11582E*02 
TINE (NINUTES) - 20.0000 CONVECTION HEAT LOSS (UATTS)- 0.118606*02 
TINE (NINUTES) - 20.5000 CONVECTION HEAT LOSS (UATTS)- 0.120966*02 
TINE (NINUTES) - 21.0000 CONVECTION HEAT LOSS (UATTS)- 0.123506*02 
TINE (NINUTES) - 21.5000 CONVECTION HEAT LOSS (UATTS)- 0.126016*02 
TINE (NINUTES) - 22.0000 CONVECTION HEAT LOSS (UATTS)- 0.12851E*02 
TINE (NINUTES) - 22.5000 CONVECTION HEAT LOSS (UATTS)- 0.13099E*02 
TINE (NINUTES) - 23.0000 CONVECTION HEAT LOSS (UATTS)- 0.133656*02 
TINE (NINUTES) - 23.5000 CONVECTION NEAT LOSS (UATTS)- 0.135896*02 
TINE (NINUTES) - 26.0000 CONVECTION HEAT LOSS (UATTS)- 0.138316*02 
TINE (NINUTES) - 26.5000 CONVECTION HEAT LOSS (UATTS)- 0.160716*02 
TINE (NINUTES) - 25.0000 CONVECTION HEAT LOSS (UATTS)- 0.163086*02 
TINE (NINUTES) > 25.5000 CONVECTION HEAT LOSS (UATTS)- 0.165666*02 
TINE (NINUTES) > 26.0000 CONVECTION HEAT LOSS (UATTS)- 0.167786*02 
TINE (NINUTES) - 26.5000 CONVECTION HEAT LOSS (UATTS)- 0.15010E«02 
TINE (NINUTES) « 27.0000 CONVECTION HEAT LOSS (UATTS)- 0.152396*02 
TINE (NINUTES) - 27.5000 CONVECTION HEAT LOSS (UATTS)- 0.156676*02 
TINE (NINUTES) - 28.0000 CONVECTION HEAT LOSS (UATTS)- 0.15693E*02 
TINE (NINUTES) - 28.5000 CONVECTION HEAT LOSS (UATTS)- 0.159166*02 
TINE (NINUTES) > 29.0000 CONVECTION NEAT LOSS (UATTS)- 0.16138E*02 
TINE (NINUTES) « 29.5000 CONVECTION HEAT LOSS (UATTS)- 0.163586*02 
TINE (NINUTES) - 30.0000 CONVECTION HEAT LOSS (UATTS)- 0.16575E*02 


RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION NEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADImTION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION HEAT LOSS 
RADIATION NEAT LOSS 
RADIATION HEAT LOSS 


(UATTS)- 0.000006*00 
(UATTS)- 0.198786*00 
(UATTS)- 0.601806*00 
(UATTS)- 0.60905E*00 
(UATTS)- 0.820536*00 
(UATTS)- 0. 103636*01 
(UATTS)- 0.125626*01 
(UATTS)- 0.168066*01 
(UATTS)- 0.170876*01 
(UATTS)- 0.196136*01 
(UATTS)- 0.217816*01 
(UATTS)- 0.26190E+01 
(UATTS)- 0.26661E*01 
(UATTS)- 0.291336*01 
(UATTS)- 0.31666E*O1 
(UATTS)- 0.362616*01 
(UATTS)- 0.368556*01 
(UATTS)- 0.395106*01 
(UATTS)- 0.62205E*01 
(UATTS)- 0.669396*01 
(UATTS)- 0.677136*01 
(UATTS)- 0.5 05266 *01 
(UATTS)- 0.533776*01 
(UATTS)- 0.562666*01 
(UATTS)- 0.591936*01 
(UATTS)- 0.621566*01 
(UATTS)- 0.65157E*01 
(UATTS)- 0.681936*01 
(UATTS)- 0.71265E*01 
(UATTS)- 0.76S72E*01 
(UATTS)- 0.775166*01 
(UATTS)- 0.806906*01 
(UATTS)- 0.838996*01 
(UATTS)- 0.871606*01 
(UATTS)- 0.906166*01 
(UATTS)- 0.937196*01 
(UATTS)- 0.97055E*01 
(UATTS)- 0.100626*02 
(UATTS)- 0.103826*02 
(UATTS)- 0.107266*02 
(UATTS)- 0.110696*02 
(UATTS)- 0.11617E*02 
(UATTS)- 0.117686*02 
(UATTS)- 0.121216*02 
(UATTS)- 0.126766*02 
(UATTS)- 0.128366*02 
(UATTS)- 0.131956*02 
(UATTS)- 0.135586*02 
(UATTS)- 0.139226*02 
(UATTS)- 0.16289E*02 
(UATTS)- 0.166586*02 
(UATTS)- 0.150296*02 
(UATTS)- 0.156026*02 
(UATTS)- 0.15776E*02 
(UATTS)- 0.161526*02 
(UATTS)- 0.165306*02 
(UATTS)- 0.169096*02 
(UATTS)- 0.172906*02 
(UATTS)- 0.17672E*02 
(UATTS)- 0.18055E*02 
(UATTS)- 0.186606*02 
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Appendix D - NODMAP Output from Sample Problem 


A QKAP OF INPUT BOUND NODE BLOCK 99 CINTERNAL 2> 


THE PARAMETERS OF MODE HOCK 99 ARE: 


tenpEBATURE * 100.000 COEG.) 

— IrVT4«>P . 1 00000 (ENERGY/DEG) 

-raw 


NODE 

INPUT 

BLOCK 

BLOCK 


CONDUCTOR 

(INTERNAL) INPUT (INTERNAL) TYPE 


K 1> 

1C 1> 


2 < 1) LINEAR 

1 < 2) RADIAT 


THE ADJOINING NODE* TO NODE BLOCK 


99 ARE: 


CONDUCTOR 

VALUE 


X OF X OF NEAT TRANSFER RATE 

TYPE TOTAL (ENERGY/TINE) 


0.100000 100.0 *7.3 

5.000000E-03 100.0 52.7 


10.5753 

10.4397 


TENPERATURE OF 
ADJOINING NODE 

265.753 

265.753 


THE TOTAL* ON NODE BLOCK 


99 ARE: 


LINEAR HEAT TRANSFER (CONDUCTICN/CONVECTION)... 

RADIATION HEAT TRANSFER 

HEAT SOURCE/SINKS APPLIED 


16.5753 

10.4397 

0.000000E+00 


35.0150 CENERGY/TINE) 

265.753 


EFFECTIVE ERH TENPERATURE 
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